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1. INTRODUCTION 
Purpose and Objectives 

The current energy system is based on naturally available fossil fuels. 

As domestic supplies of these fuels dwindle and the energy demand continues 
to grow, more and more fossil fuels are Imported. In the long term, the 
United States may change its energy system to one that is self-sufficient, 
based on solar, nuclear, and other nonfossil energy sources. The energy 
from these sources could be used to make electricity or, as has recently been 
suggested,' could be transformed into a synthetic chemical fuel. This project 
was undertaken to provide the National Aeronautics and Space Administration 
with technical and economic information on the possibilities of producing and 
utilizing just such a synthetic energy carrier — hydrogen. 

The objectives of this study were — 

• To identify and evaluate all developed processes for the production of 
hydrogen and to assess any novel or unconventional methods discovered 
during the study 

• To review present and potential uses of hydrogen as a fuel, in residen- 
tial and industrial applications, and as a chemical feedstock 

• To prepare recommendations for a series of research projects to devel- 
op the technologies needed to bring about a significant use of hydrogen fuel 
in the United States 

• To provide an estimate of the cost of developing these technologies in 
a broad R&D program planned for the next 5 years. 

This report discusses known processes for the production of hydrogen and 
the present and future industrial uses of hydrogen as a fuel and as a chem- 
ical feedstock. Novel and unconventional hydrogen -production techniques 
have been evaluated, with emphasis placed on thermochemical and electrolytic 
processes. Potential uses for hydrogen as a fuel in industrial and resi- 
dential applications were identified and reviewed in the context of antic- 
ipated U. S. energy supplies and demands. A detailed plan for the period 
from 1975 to 1980 has been prepared for research on and develoimient of 
hydrogen as an energy carrier. 


1 


INSTITUTE 


0 F 


G A S 


TECHNOLOGY 


8/75 


8962 


Scope and Definitions 

Included in the scope of this Study were all hydrogen-ppoduction tech- \ \ 

niques that have been proposed in the literature; studied in laboratories; ' 

or operated on a pilot, demonstration-, or commercial -plant scale. Sev<- | j 

eral processes were selected for more detailed study: i-' 

• Hydrogen production by electrolysis Of pure and impure water j 

• Thermochernical hydrogen -production processes 

• Hydrogen production from coal and water | | 

• Hydrogen production from sunlight and water by photosynthesis or by 

electrochemical photolysis. { 

r ■ 

To survey other hydrogen-production processes, the recent literature was 
was reviewed; and a search was made of U. S patents granted between 1917 \ j 

and 1974. 

The transmission, storage, and delivery of hydrogen were reported on from \ ' 

information presented in the literature. Data on the industrial and residen- 
tial uses of hydrogen were gathered both’from the literature and from interviews i 
conducted with industry representatives. Hydrogen* s role in the manufacture 
of synthetic hydrocarbon fuels was given special attention and is reported 
on in a separate section. 

The use of hydrogen in transportation — whether for automobiles, air- 
craft, or ships — was specifically excluded from the scope of the study. 

The potential hydrogen demand by these fuel markets should be kept in mind 
as the report is reviewed. 

To put in context the concept of hydrogen as an energy carrier, this re- 
port includes a review of U.S. energy supplies and demands, presented as 
two energy -models. " 

Two energy demand and supply projections (models) are detailed — an 
optimistic possibility of domestic energy self-sufficiency, as well as a pess- 
imistic possibility of continued dependence on energy imports. The projec- ! • 

tions are not intended to be models of energy allocation; rather, they are 
intended to show quantitatively the hypothetical deficits and excesses that \ j 

could exsist in the future. For certain years, the models show energy defi- 
cits thaf must be filled either by imports or by an energy carrier (such as [ I 

hydrogen) produced from a previously undedicated energy source. 
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We have chosen to Include in -this re{wrt our survey of indUstri^ hydrogen 
that is produced "onsite" from feedstocks such as natural gas. Although 
this "captive" hydrogen may be recombined into another chemical a few 
minutes after its productions it represents a demand that could be satisfied 


by synthetic -fuel hydrogens should it become available at a competitive 
cost. 


In this reports all figures that refer to a quantity of hydrogen as a number 
of Bta or that cite a hydrogen price in terms of dollars per milHon Btu are 
calculated On the basis of gross (or higher) heating value. 
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2. POTENTIAL DEMANDS FOR HYDROGEN - J. B. Paiigborn and 
J:"C. Gillie — ^ 

Introduction 

Two models have been developed to project the U. S. domestic energy 
demand and supply for the period from 1975 to 2000. These models show the 
need for development of more conventional and new (unconventional) energy 
sources and for the conversion of these sources to useful chemical energy 
and electricity. These hypothetical models are based on assumed growth 
rates for energy consumption and energy supply. They are intended to 
delimit the situation that will actually occur in the future in terms of energy 
deficits and maximum hypothetical demands for hydrogen. 

These models do not predict a "most likely" situation, and they are not 
intended as recommendations for energy allocation. They have been con« 
structed to estimate the bounds of the energy deficits and/or excesses 
expected for various domestic market sectors. This allows a prediction 
of the maximum need for alternative fuels (including hydrogen), synthesized 
from additional or new energy sources, when energy imports from foreign 
sources are excluded. Hydrogen could be synthesized from either additional 
conventional energy sources (including nuclear fission) or new energy sources 
(including solar energy or nuclear fusion). 

The premises on which the two models, denoted Model I and Model n, 
are based are illustrated below* Model I is the "optimistic" case, requiring 
the least additional energy and the least hydrogen; and Model II is the "pessi^ 
mistic" case because of the predicted energy deficits and the huge require- 
ments of additional energy. 

Model II 

IGT pre-1973 energy supply pro- 
jection: moderate level of supply, 
including some synthesized fuels 
using coal and oil shale 

NPC "high level" of demand: 
high rates of economic growth, 
cheap energy, and little energy 
conservation 


JVlUUeJ. X 


Energy 

Supply 


Energy 

'Demand 


IGT post- 1973 energy supply 
projection; high level of 
supply with synthesized fuels, 
in the spirit of Project 
independence 

NPC "low level" of demand: 
low rates of economic growth, 
expensive energy, and energy 
conservation 
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Model I 

Moderate deficits requiring 
new (more) energy sources 
and imported energy, large 
deficits after 1990, complete 
self-sufficiency ui^ikely 


Model n 


Extreme deficits requiring huge 
amounts of new energy and 
imports, domestic self- sufficiency 
impossihle 


Model 1 Energy Demand and Supply 


The assumptions and bases of the energy demand and supply in Model I 
are presented belowo This model determines the lower bound (the least 
amount) of hydrogen and of additional synthesized fuels and the additional 
electricity that will be needed, along with imports, to satisfy the U>S, 
domestic energy demand for tiie period from 1975 to 2000. We emphasize 
that these energy requirements are in addition to the synthetic fuel supplies 
(e. g, , SNG) that are projected (optimistically) within the model to be 
available from coal and oil shales* 

Model I Bases and Information Sources 

In die future, all market sectors will receive percentages of the total 
energy supply that differ somewhat from the present percentages. Market- 
sector-demand growth rates for 1970 to 1985 are patterned after the "low 
level of demand" presented in die authoritative NPC report for 1973, U.S. 
Energy Outlook . For this model and during this period, the annual growdi 
in the total energy demand falls 'from about 3<i5% to about 3. 3%. We have 
extrapolated this low- level- demand projection to the year 2000 and have 
used an average annual growth rate of 2.8% for the period from 1985 to 2000. 
The growth rates for individual market sectors are listed in Table 2-1. In 
this model, the electricity-generating sector grows at a rate necessary to 
adequately supply the other sectors, but this rate does not exceed 5. 5%/yr 
for the supply Of electricity to the residential/commercial sector of 6. 0%/yr 
for that to the industrial sector. 


Table 2-1. ANNUAL GROWTH RATE OF DEMAND 

(Low Level) 


Market Sector 

Re s idential/ C omme r cial 

Industrial 

Transportation 

Other 


1970-1980 


1980- 1985 


1985-2000 
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For this model, the energy supply levels for the future are patterned 
after two sources: "A Program for Maximizing U. S. Energy Self-Sufficiency" 
by H. R. Lihdeii® and the IGT feasibility study, "Alternative Fuels for Auto- 
motive Transportation, " performed for the EPA. ® This is an optimistic 
model for a future high-level energy supply. It typifies the goals of Project 
Independence by assuming the rapid development of domestic sources of 
fossil energy, synthesized fuels, and nuclear power. ^ 

Model I As sumptions 

The assumptions for Model I include those in respect to — 

• Oil supply; 

Oil Supply = Domestic Crude Oil + Condensates + 

Natural Gas Liquids + Coal Liquids 
(Hydrocarbons and/or Methanol) 

After 1980* + Syncrude Products 
From Oil Shale After 1980 

The transporation sector receives its historic portion, 54. 7%, of the 
oil supply in 1975. After 1975, this market is supplied with all of the 
shale syncrude plus at least 65% of the remaining oil supply, including 
coal liquids. 

The residential/commercial seGtor receives its historic portion of the 
oil supply, excluding shale oil products. This is 21% of the crude and 
coal liquids. 

The industrial sector receives its historic portion of the oil supply, 
excluding sheile oil products. This is 17. 5% of the crude and coal liquids. 

The other-uses sector receives 0. 6% of the supply of crude and coal 
liquids. 

The electricity- gene rating sector continues, until 1975, to increase its 
use of oil. Thereafter, this portion remains constant at 6. 2% of the 1975 
oil supply. Electricity is produced from oil at a 35% efficiency (delivered). 

• Gas supply: 

Gas Supply - Domestic Natural Gas + SNG 
(Coal-Based) After 1980‘’‘ 


Coal converted to delivered hydrocarbons at a 65% efficiency. Coal 
converted to delivered methanpl at a 45% efficiency. 

^Coal converted to delivered SNG at a 65% efficiency from 1980 to 2000. 
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The resideiitial/commercial sector receives its historic portion* about 
32%, of the natural gas in 1975. Because of priorities and allotments, 
this percentage grows to more than 36% by the year 2000. About one-half 
of the SNG produced goes to this market* 


I I The industrial sector receives its historic 35* 5% of the gas supply. 

The electricity- generating sector does not increase its use of gas after 
I - 1970. Its historic portion is 17. 4% of the 1970 supply. No SNG goes to 

this market. Electricity is generated from gas at a 35% efficiency 
(delivered). 

O The other-uses sector is supplied with about 15% of the natural gas, 
plus SNG. 


0 


LI 


The transportation sector uses negligible natural gas and SNG. 

• Coal supply (for direct uses, not chemical fuel synthesis). The 

electricity- gene rating sector uses its historic 61.9% of the coal supply 
from 1970 to 1975 and 64. 3% of the supply thereafter.' Electricity 
is generated from coal at a 35% efficiency (delivered). 


The industrial sector uses 35. 7% of the coal supply (from 1970 to 2000). 

The residential/commercial sector uses 2. 3% of the coal supply from 
1970 to 1975 and negligible amounts thereafter. 

Negligible coal is used by the transportation ^lnd other-uses sectors. 

I • Electricity consumption. The residential/commercial sector consumes 

j electricity at a rate that grows by 5. 5% annually from 1975 to 2000. 

1 Consumption by the industrial sector grows but the rate does not exceed 

I 6%. (In many years, the demand is not satisfied. ) 

The transportation and other-uses sectors consume relatively small 
amounts of electricity, although the amount consumed by the transporta- 
J tion sector increases rapidly (more than 6%/year). 

1 • Nuclear heat (heat energy, not power). The electricity-generating 

sector consumes nuclear heat in generating electricity. The electricity 
demand is determined by the other market sectors. The total nuclear- 
heat requirement consists of the product electricity (in heat units) plus 
the waste heat of generation. For puiposes of this model, nuclear heat 
is not used by any other sector, al&ough the model shows that some 
would be available to other sectors for process uses in fuel synthesis. 
Electricity is generated from nuclear heat with an efficiency that is at 
least 35% after 1985. 

Geothermal heat and hydropower. Geothermal heat is used for electricity 
generation, and it is included with hydropower (as heat) as an energy 
supply for the electricity- generating sector. In the case of hydropowor, 
of course, waste heat is not significant, and a fuel supply is not required. 
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• Hydrogen production, lii this model, the total supply o£ fossil fuels, 
geothermal heat, and hydropower is consumed. However, some 
potential surplus nuclear heat (not used for electricity generatioh) does 
exist. This heat pould be used for hydrog5«n production as follows: 

Nuclear heat converted to delivered 30% efficient from 1980 to 1985 

hydrogen via electrolysis 35% efficient from 1985 to 2000 

Nuclear heat converted to delivered 45% efficient from 1990 to 2000 

hydrogen via thermochemical 
processes 

Model I Overall Demand and Supply Projections 

Using the model bases for projections, the energy demands and supplies 
can be determined by market sector and by type, respectively. We have 
calculated the market sector demands, and they are presented in Table 2-2. 

In this table, the electricity-generation demand is the quantity of waste heat 
resulting from and required in the generation of electricity. The electricity 
so produced is matched to and included in the projected demands of the other 
market sectors. The Model I energy supply is presented in Table 2-3. 

It should be noted that although the total energy supply numerically 
exceeds the total demand iby a small amoiint) after about 1985, this does 
not imply domestic self-sufficiency, primarily because some of the energy 
supply, notably the nuclear heat, would be converted to additional useful fuels 
(or electricity). The associated waste heat is not utilized as a fuel and is in 
addilion to the heat demand listed in Table 2-2 for the electricity- generating 
sector. This additional waste heat cannot be used to satisfy the demands of 
the other market sectors; hence, energy (fuel) shortfalls will occur. 

Model 1 Ene rgy Demand and Supply, by Sector 

We have used the Model 1 assumptions to determine the apportionment 
of domestic energy supplies to the various market sectors: residential/ 
commercial, industrial, transportation, other uses (miscellaneous and 
nonenergy uses of fuels such as for petrochemical feedstocks, chemicail 
commodities, fertilizers, and lubricants), and electricity generating. The 
demand and supply projections for these respective market sectors are pre- 
sented in Tables 2-4 through 2-8. The unfilled demand (the bottom line in 
Tables 2-4 through 2-7) is the energy deficit to be filled by development of 
more of the same energy sources than is predicted by the model, exploitation 
of new energy sources, and energy imports. 
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Table 2-2. MODEL I ENERGY DEMAND BY MARKET SECTOR 

1970 1975 1980 1985 1990 1995 2000 


Market Sector ■ — ' - " lO*^ Bta- 

Resldential/Com- 


mercial 

15.8 

18.3 

21.1 

23. 9 

27.5 

31.6 

36.3 

Industrial 

20.0 

22.2 

24. 7 

27.1 

31. 1 

35.7 

41. 0 

Transportation 

16. 3 

19.3 

23.0 

26.7 

30. 6 

35. 1 

40. 3 

Electricity 

Generating’’' 

U.6 

12. 8 

16.7 

18. 3 

23. 4 

31. . 

41.6 

Other 

4.1 

5.1 

6.2 

8.1 

9.3 

10.8 

12.3 

Total 

67. 8 

77.7 

91.7 

104. 1 

121.9 

144.8 

171. 5 


^ Matched to electricity demand in other sectors. This is waste heat only. 


Table 2-3, MODEL I DOMESTIC ENERGY SUPPLY 



1970 

1975 

I960 

1965 

— 1 Alts tit'll., 

1990 

1995 

2000 

Crude Oil and 
Condensates 

21.0 

22.9 

27. 2 

29.6 

28.7 

26. 4 

24. 3 

Natural Gas 

22.4 

23.5 

23.6 

26.7 

28. 5 

26. 3 

24.1 

Coal (Direct Use) 

13. 1 

16.0 

18.6 

21. 5 

24.9 

28. 9 

33.3 

Coal (SNG) 

0.0 

0.0 

1.0 

2.0 

4.0 

6.0 

8.0 

Coal (Liquids): 

0.0 

0.0 

0.2 

1.1 

3.7 

6.9 

10.2 

Shale Syncrude 

0.0 

0.0 

0.6 

1.9 

4.7 

5.5 

6.7 

Hydro- and Geother- 
mal Power (as Heat) 

2.7 

3.0 

3.5 

4.0 

4. 5 

5. 0 

5.5 

Nuclear Heat 

0.2 

3.5 

9.5 

21.0 

30.0 

42.0 

60.0 

Total 

59.4 

68,9 

84.2 

107.8 

129.0 

147.0 

172.1 
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Table 2-4. MODEL I RESIDENTIAL AND COMMERCIAL ENERGY 

DEMAND AND SUPPLY 
(Domestic) 



1970 

1975 

1980 

1985 

_l A IB nut— 

1990 

1995 

2000 

Demand 

15.8 

18, 3 

21.2 

23.9 

27, 5 

31.6 

36.3 

Fossil -Fuel Supply 








Oil (21 % of Crude 
^ Coal Liquids) 

4.4 

4.8 

5.8 

6.4 

6t 8 

7.0 

7.2 

Gas (Available 
Supply) 

7,0 

7. f> 

8.1 

10.1 

12,0 

11.8 

11.7 

Coal (2.3% of 
Supply) 

0.3 

0.3 

0.0 

0,0 

o 

• 

o 

0,0 

0.0 

Total Fossil 

11.7 

12.7 

13.9 

16. 5 

18.8 

18, 8 

18.9 

Electricity 

Consumption 

2.7 

3.2 


5. 5 

7.2 

9.4 

12. 3 

Total Supply 

14.4 

15.9 

18. 1 

22.0 

26.0 

28.2 

31,2 

Unfilled Demand 

1.4 

2.4 

3. 1 

1.9 

1, 5 

3.4 

5. 1 


Table 2-5. MODEL I INDUSTRIAL ENERGY DEMAND AND SUPPLY 

(Domestic) 



1970 

1975 

1 980 

1985 
— 1 n i 5 vx 

1990 

1995 

2000 

Demand 

20.0 

22.2 

24.7 

A U Ij CU 

27.1 

31.1 

35.7 

41.0 

Fossil -Fuel Supply 








Oil (17.5% of Crude 
+ Coal Liquids) 

3.7 

4.0 

4.8 

5.4 

5.7 

5.8 

6.0 

Gas (35. 5 % of 
Supply) 

7.9 

8. 3 

8,7 

10, 2 

11 .5 

11.5 

11.4 

Coal (35.7% of 
Supply) 

4.7 

5.7 

6. 6 

7.7 

8.9 

10. 3 

11.9 

Total Fossil 

16. 3 

18.0 

20. 1 

23. 3 

26.1 

27. 6 

29. 3 

Electricity 

Consumption 

2.3 

3.0 

4.0 

3. 8 

5.0 

6.7 

9.0 

Total Supply 

18. 6 

21.0 

24. 1 

27.1 

31. 1 

34.3 

38. 3 

Unfilled Demand 

1.4 

1.2 

0. 6 

0.0 

0.0 

1.4 

2.7 
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Total Fossil 

11.5 

12. 5 

15.7 

19.2 

23.0 

24,4 

Electricity 

Consumption 



0.2 

0. 3 

0.4 

p. 6 

Total Supply 

11.5 

12.5 

15,9 

19.5 

23,4 

25,0 

Unfilled Demand 

4.8 

6,8 

7. 1 

7.2 

7.2 

10. 1 


* Negligible. 

Table 2-7. MODEL I OTHER -USES ENERGY DEMAND AND SUPPLY 

(Domestic) 

1970 1975 1980 1985 1990 1995 2000 

Btu 

Demand 4.1 5,1 6.2 8.1 9.3 10.8 12,3 

Fossil-Fuel Supply 
Oil (0.6% of 

Supply) 0,1 0,1 0.2 0,2 0,2 0.2 0,3 

Gas (15.8% of 

Supply) 3. 5 3,7 3.9 4. 5 5. 1 5. 1 5, 1 

Coal (0,0% of 

Supply) 0.0 0.0 0.0 0.0 0.0 0.0 0-0 

Total Fossil 3. 6 3,8 4.1 4.7 5. 3 5.3 5,4 

Electricity 

Consumption’** 0.1 0, 1 0.2 0,2 0. 2 0. 3 0. 3 

Total Supply 3*7 3.9 4,3 4,9 5, 5 5,6 5,7 

Unfilled Demand 0.4 1,2 1.9 3.2 3, 8 5.2 6.6 

* Expressed as a constant percentage, 2,5% of flte total demand, 

11 

INSTITUTE OP GAS TECHNOLOGY 


i I 

; I 



8/75 


8962 


Table 2-8. MODEL I ELECTRICITY GENERATION 



1970 

1975 

1980 

1985 

.10*5 Btu— 

1990 

1995 

2000 

Demands 

Electricity 

Produced 

5. 0 

6.3 

8.6 

9.8 

12. 8 

17.0 

22.4 

Waste Heat 
Required 

11.3 

12.8 

16 , 7 

18.3 

23.4 

31.6 

41.6 

Total Heat 

16 . 3 

19 . 1 

25 . 3 

28. 1 

36.2 

48.6 

64.0 

Fossil- Fuel Supply 

Oil (6. 2% of 1975 
Supply) 

1. 3 

1.4 

1.4 

1. 4 

1.4 

1.4 

1.4 

Gas (17.4% of 
1970 Supply) 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 

3.9 

Coal* 

8. 1 

9.9 

12. 0 

13. 8 

16. 0 

18.6 

21.4 

Total Fossil 

13. 3 

15. 2 

17.3 

19. 1 

21.3 

23.9 

26.7 

Hydro- and . 

Geothermal Power* 

2. 7 

3. 0 

3. 5 

4. 0 

4. 5 

5.0 

5.5 

Nuclear Heat Re- 
quired for Remain- 
ing Demand 

0. 3 

0.9 

4. 5 

5. 0 

10. 4 

19.7 

31. 8 

Total Heat 
Supply 

16 . 3 

19 . 1 

25. 3 

28. 1 

36 . 2 

48.6 

64.0 


* 61 . 9 % of supply from 1970 to 1975, 64.3% thereafter. 

^ Heat equivalent of hydropower plus heat required for geothermal power. 


Model I Deniand and Potentials for Hydrogen Production 

The depaands of the electricity- generating sector, depicted in Table 2-8, 
do not use all of fihe potentially available energy supplies: According to the 
apportiqnmehts m model, some potential excess nuclear heat remains 
unused* Alternatively (with different model assumptions), some coal could 
xemainuim instead of this nuclear heat. This nuclear heat is in excess 
oiily m fhe.<sen8e that Hie electricity-generating sector does not need it, and 
itda pot^atia^y avaUable according to the projections used as a basis for 
^hdel Lt;i0^er sector deficits, summarized in Table 2-9, could be partially 
fiHed* ^th -a useftd^ from this nuclear heat. If this fuel were 

hydrogen^ quantities generated would be as shown in Table 2-9* 
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Table 2-9. MODEL I MAXIMUM DEMAND AND POTENTIALS 
FOR HYDROGEN PRODUCTION 

1975 1980 1985 1990 1995 2000 

10*5 Btu— — 

Unfilled Demands per Sector’’* 


Residentied/ Commercial 

2.4 

3.0 

1.9 

1.5 

3,4 

5.1 

Industried 

1.2 

0.6 

0.0 

0.0 

1.4 

2.7 

Transportation (25% of Total 
Demand for This Sector) 

1.7 

1.8 

1.8 

1.9 

2.5 

3.3 

Other 

1.2 

1.9 

3.2 

3. 8 

5, 2 

6.6 

Potential Hydrogen Demand 

6.5 

7.3 

6.9 

7.2 

12.5 

17*7 

Unused Nuclear- Heat 
Supply 

2. 6 

5.0 

16,0 

19.6 

22.3 

28.2 

Potential Hydrogen Supply 
(Nuclear Heat) 







Electrolysis 

0.0 

L 5 

4.6 

6. 1 

6.1 

6. 1 

Thermochemical 

0.0 

0.0 

0.0 

0.0 

1. 2 

3.9 

Total Hydrogen 

0. 0 

1.5 

4.8 

6. 1 

7.3 

10, 0 


Excluding the electricity- generating sector. 

Alternatively, of course, the unfilled demands could be satisfied by 
importing fuels. Because imports are not included in the Model I assumptions 
for the energy supply, the potentials for hydrogen demand are a maximum 
case. The minimum case would be zero demand for fuel hydrogen » i. e« , 
complete importation of fuels and feedstocks to satisfy deficits and no need 
for hydrogen additional to its conventional production from fossil hydrocarbons 
(especially natural gas). The extent of future importation of energy supplies 
depends on economic and political factors not assessed in this study. 

In Table 2-9, we have smnmed the shortfalls of the residential/commer- 
cial sector, the industrial sector, the other-uses sector, and of the 
transportation sector to determine the potential demand for hydrogen. Two 
recent studies on alternative fuels for transportation, conducted for the 
Environmental Protection Agency, have revealed that before the year 2000 
hydrogen will not be among the top three alternative fuels for automotive 
transportation (cars, trucks, and buses accounting for about 75% of the energy 
consumption in this sector). Accordingly, only a portion of the transportation 
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sector shortfall, 25^o (for airlines, railroads, and water transport)i is a 

potential market for hydrogen. The potential demand for hydrogen could ho ; . 

satisfied by producing hydrogen from "excess" nuclear heat, from additional. j 

fossil resources (i. e. , in addition to the supplies listed in Table 2-3), or 

from "new" energy sources. These new energy sources include solar heat, | 

geothermal heat* waste materials, nuclear fusion, windpoweri and ocean 

thermal gradients. | 

Model n Energy Demand and Supply 

. nf iii I II — — I ‘ — — ’ - r - ^ 

I 

The assumptions and bases for the energy demand and supply in Model II 
are presented belowo These differ from Model I only in the demand-supply 
data used and in certain assumptions in which Model II data necessitate slight | 

i- - 

changes. Basically, both models use the same assumptions for energy 
apportionment. Model n determines the upper bound (the greatest amount) 
of hydrogen and of additional synthesized fuels and the additional electricity ‘ " 

that will be needed, along with imports, to satisfy the U. S. domestic energy ; | 

demcUid for the period from 1975 to 2000. As in Model I, imports are not iJ 

included in the Model II assumptions on energy supply. , 

i 

Model n Bases and Information Sources 

In the future, all market sectors will receive percentages o): the total [ ] 

energy supply that differ somewhat from the present percentages. Market- ■ J 

sector- demand growth rates for 1970 to 1985 are patterned after the "high 
level of demand" presented in the authoritative NPC report for 1973, U. S. 

Energy Outlook. ’ For this model and during this period, the annual growth 

in the total energy demand falls from about 4. 5% to about 4. 3%. We have ; j 

extrapolated this high- level- demand projection to the year 2000 and have 

used an average annual growth rate of 3*8% for the period from 1985 to 2000. j 

The growth rates for individual market sectors are given in Table 2-10. 

The electricity- generating sector grows at a rate necessary to adequately | j 

supply the other sectors, but this rate does not exceed 7*0%/yr for supply ^ ^ 

of electricity to the residential/commereial sector or 7. 5% for that to the 

j 

industrial sectors L 

in Model n, the energy supply levels for the future are patterned after ] | 

the prer-1973 projections included in the study, ^'A Program for Maximizing I J 

UoS* Energy Self-Sufficiency, by Hs R. Linden.^ Presented in this study, 

!J 
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Table 2-10. ANNUAL GROWTH RATE OF DEMAND 

(High Level) 


1970-1980 


1980-1985 


1985-2000 


Market Sector — %lyx— 

Residential/Commercial 4.0 4.0 3,8 

Industrial 3.1 3.2 3,8 

Transportation 4. 1 3. 5 3. 8 

Other 5.3 6.2 ' 3.8 

in addition to the case used in Model is a less optimistic projection of 
the energy supply^ cmd this case corresponds to the energy economics 
prevailing before the 1973 Middle East oil embargo. Reasonable develop- 
ment of domestic natural resources and growth of a synthetic fuel industry 
are assumed. Large sunounts of imported energy are necessary for a 
demand-supply balance, and the domestic energy supply is necessarily less 
than that in Model 1, 

The energy-demand levels are the "high levels" presented in the NPC 
study, U. S. Energy Outlook . The effect of energy conservation in the 
United States is assumed insignificant (at least from 1975 to 1985); and the 
demand growth rates continue at high levels, similar to those prevailing 
before the "energy crisis" began. However, these demand growth rates 
(except that for electricity) do decrease with time. 

Model n Assumptions 

The assumptions for Model 11 include those in respect to — 

• Oil supply: 

Oil Supply Domestic Crude Oil Condensates 

Natural Gas Liquids -f Coal Liquids After 
1985* + Syncrude Products From Oil 
Shale After 1980. 

The distribution of the oil supply in Model n follows the same pattern 
as that in Model 1. 

• Gas supply: 

Gas Supply a Domestic Natural Gas + SNG 
(Coal- Based) After 1980^ 

Coal converted to delivered hydrocarbons at a 65 % efficiency from 
1985 to 2000. 

^ Coal converted to delivered SNG at a 65 % efficiency from 1980 to 2000. 
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In Model lit the electricity-generating sector receives its historic portiont 
17.4%, of the natural gas supply (a variable quantity). This is less gas 
than in Model 1, in which this sector continues to receive the fixed quan- 
tity of 17.4% of the 1970 supply. Otherwise, the distribution of the 
gas supply follows the same pattern as that in Model 1. This minor 
change makes slightly more of the limited supply of natural gas avail- 
able to higher priority market sectors. 

• Coal supply (for direct uses, not chemical fuel synthesis). The distri- 
bution of the coal supply in Model 11 follows the same pattern as ^at 

in Model 1. 

• Electricity consumption. The residential/commercial sector consumes 
electr-icty at a rate that grows 7.0% annually from 1975 to 2000. 
Consumption by the industrial sector grows but it does not exceed 

7. 5%. (In many years, the demand is not satisfied. ) 

The transportation and other-uses sectors consume relatively small 
amounts of electricity, although the amount consvimed by the transpor- 
tation sector increases rapidly (more than 6%/year). 

• Nuclear heat, geothermal heat, and hydropower. The distribution of 
these energy sources in Model II follows the same patb<%rn as that in 
Model 1. 

• Hydrogen production. In Model II, the total supply of fossil fuels, 
geothermal heat, and hydropower is consumed. Relatively small 
amounts of nuclear heat, potentially in excess of the needs of the 
electricity- gene rating sector, would exist from 1975 to 1990. Other- 
wise, there are nuclear energy deficits. Because of the small nuclear- 
heat supply and the 15-year time period, a hydro gen- production industry 
in this model would require significant energy sources other than nuclear 
fission reactors. For the nuclear (fission) heat that is available, we 
have assumed the following conversion efficiencies; 

Nuclear heat converted to delivered 30% efficient from 1980 to 1985 

hydrogen via electrolysis 35% efficient from 1985 to 1990 

No thermochemical hydrogen processes based on nuclear (fission) heat 
will be commercialized because, according to this model, required 
nuclear heat will not be available after 1990. Thermochemical pro- 
cesses based on new energy sources could be commercialized. 

Model II Overall Demand and Supply Projections 

As in Model I, we have used the model bases to tabulate the energy 
demands by market sector and the energy supplies by type. These are 
presented in Tables 2-11 and 2-12, respectively. The demand of the 
electricity- generating sector is waste heat only, as in Model I. This pre- 
vents double counting of the electricity demand for each market sector. 
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Table 2-11. MODEL II ENERGY DEMAND BY MARKET SECTOR 


Market Sector 

1970 

1975 

1980 

1985 

1990 

1995 

2000 




“1 V J3 wUr 




Residential/ Com- 

mercial 

15.8 

19.2 

23.4 

28.5 

34.3 

41.3 

47.9 

Industrial 

20.0 

23.8 

27.2 

31,9 

38.4 

46.3 

55. 8 

Trans portation 

16. 3 

19,9 

24.4 

29.0 

34.9 

42.1 

50.7 

Electricity- ^ 

Generating'' 

11.6 

13,2 

18.2 

24.6 

34.2 

49. 1 

69.3 

Other 

4.1 

5- 3 

6,8 

9.2 

11.1 

13.4 

16. 1 

Total 

67.8 

81,4 

100.0 

123.2 

152.9 

192.2 

239.8 


^ Matched to electricity demands in other sectors assuming certain cunver- 
sion efficiencies. This is waste heat only. 


Table 2^12., MODEL II DOMESTIC ENERGY SUPPLY 



1970 

1975 

1980 

1985 

1990 

1995 

2000 

Crude Oil and 
Condensates 

21.0 

21.9 

24.3 

■"A U 13 CU 

23.9 

24. 3 

22.7 

22 . 9 

Natural Gas 

22.4 

21.2 

18.8 

17.6 

17.1 

16.9 

16.7 

Coal (Direct Use) 

13.1 

16.0 

18.6 

21.5 

24.9 

28.9 

33. 3 

Coal (SNG) 

0.0 

0.0 

0.2 

1,1 

3. 3 

6.0 

8.5 

Coal (Liquids) 

0.0 

0.0 

0.0 

0.4 

2.4 

5.2 

8.2 

Shale Syncrude 

0.0 

0.0 

0.2 

0.6 

2.5 

4.5 

6. 4 

Hydro- and Geother- 
mal Power (as Heat) 

2.7 

3.0 

3.5 

4.0 

4. 5 

5.0 

5.5 

Nuclear Heat 

0.2 

3.5 

9.5 

21.0 

30.0 

42.0 

60.0 

Total 

59.4 

65. 6 

75.1 

90.1 

109.0 

131.2 

161.5 
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Because of the bases used* the total energy demand and the domestic energy 
supply are badly out of balance in Model II. New, large- sc aU^ energy 
sources and imports would be required to meet the demands in this model. 

Model n Energy Demand and Supply, by Sector 

Here, as in Model I, we have used the assumptions to determine the 
a^ortionment of domestic enei^gy supplies to the various market sectors. 
The demand and supply projections for these market sectors are presented 
in Tables 2-13 through 2-17. The unfilled demand (the bottom line in 
Tables 2-13 through 2-16) is the energy deficit to be filled by development 
of more of the same energy sources than is predicted by the model, 
exploitation of new energy sources, and energy imports. 

Table 2- 13. MODEL 11 RESIDENTIAL AND GOMMERCIAL ENERGY 

DEMAND AND SUPPLY 
(Domestic) 



1970 

1975 

1980 

1985 

—1 nis Rfii— 

1990 

1995 

2000 

Demand 

15. 8 

19.2 

23.4 

— J. U XJ cu. 

28. 5 

34. 3 

41. 3 

47.9 

r'f^jsil- Fuel Supply 

Oil (21% Crude and 
Coal Liquids) 

4. 4 

4.6 

5.1 

5. 1 

5.6 

5.9 

6.5 

Gas (Available 
Supply) 

7.0 

6.7 

6.0 

6.0 

7.0 

8.2 

9.4 

Coal (2.3% of 
Supply) 

0. 3 

0. 3 

0. 0 

0. 0 

0. 0 

0.0 

0.0 

Total 

11.7 

11.6 

11.1 

11. 1 

12. 6 

14.1 

15.9 

Electricity 

Consumption 

2.7 

3. 3 

4. 6 

6.4 

9.0 

12, 6 

17.6 

Total Supply 

14.4 

14.9 

16.7 

17. 5 

21.6 

26. 7 

33.5 

Unfilled Demand 

1.4 

4. 3 

7.7 

11.0 

12.7 

1-.6 

14.4 


Model II Demand and Potentials for Hydrogen Production 

The demands of the electricity- generating sector, depicted in Table 2-17, 
do not require all of the available energy supplies for the years 1975 to 1990. 
Potentially, relatively small amounts of excess nuclear heat exist during this 

18 

INST ITUTE OF GAS TECHN OLOGY 


! j 


-V 



I 


I] 

LJ 


Lj 









8/75 


8962 


Table 2-14. MODEL II INDUSTRIAL ENERGY DEMAND AND SUPPLY 

(Domestic) 



1970 

1975 

1980 

1985 

-^10*® BtUr- 

31.9 

1990 

1995 

2000 

Demand 

20.0 

23.8 

27.2 

38.4 

46.3 

55. 8 


Fossil-Fuel Supply 

Oil (17,5% of Crude 
and Coal Liquids) 

Gas (35. 5% of 
Supply) 

Coal (35. 7% of 
Supply) 

Total Fossil 

Electricity 

Consumption 

Total Supply 
Unfilled Demand 


3.7 

3.8 

4.2 

4.3 

4.7 

4.9 

5.4 

7.9 

7.5 

6.7 

6.6 

7.2 

8.1 

8.9 

4.7 

5.7 

6. 6 

7.7 

8.9 

10.3 

11.9 

16. 3 

17.0 

17.5 

18.6 

20.8 

23.3 

26.2 

2.3 

3.1 

4.4 

6.3 

9.0 

12.9 

18.5 

18.6 

20.1 

21.9 

24.9 

29.8 

36.2 

44.7 

1.4 

3.7 

5.3 

7.0 

8.6 

10.1 

11. 1 


Table 2-15. MODEL II TRANSPORTATION ENERGY DEMAND AND SUPPLY 

(Domestic) 



1970 

1975 

1980 

1985 

1990 

1995 

2000 

Demand 

16.3 

19.9 

24.4 

29.0 

34.9 

42, 1 

50.7 


Fossil- Fuel Supply 


Oil (Shale Syncrude 
and Balance) 

11.5 12.0 

13.7 

14.0 

17. 3 

20.0 

24.0 


Gae 

-- 

-- 

-- 


-- 

-- 

1 

Coal (0. 1% of 
Supply) 



«• 

_ _ 


_ - 

k 

i 

? 

Total Fossil 

11.5 12,0 

13.7 

14.0 

17.3 

20. 0 

24.0 

i 

1 

Electricity 

Consumption 


0.2 

0. 3 

0.4 

0.6 

0,8 

Total Supply 

H.5 12,0 

13.9 

14.3 

17.7 

20.6 

24.8 


Unfilled Demand 

4.8 7.9 

10.5 

14.7 

17.2 

Zl.5 

25. 9 


Negligible. 
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Table 2- 16 . MODEL H OTHER USES OF FUEJLS DEMAND AND SUPPLY 

(Domestic) 



1970 

1975 

1980 

1985 

- 10^'*^ Btu- 

1990 

1995 

2000 

Demand 

4- 1 

5.3 

6. 8 

9. 2 

IL 1 

13,4 

16. 1 

Fossil Fuel Supply 
Oil (0. 6"/; of Crude 

and Coal Liquids) 

0. 1 

0. 1 

0. 1 

0. 1 

0. 2 

0. 2 

0. 2 

Gas (15. 8% of 

Supply) 

5 

3. 3 

3. i) 

3. 0 

3. 2 

3. 6 

4.0 

Coal 

-- 



-- 




Total Fossil 

3.6 

3.4 

3. 1 

3. 1 

3.4 

3, 8 

4- 2 

Electricity 

Consumption 

0. I 

0. 1 

0. 2 

0. 2 

0. 3 

0. 3 

0.4 

Total Supply 

3.7 

3. 5 

3, 3 

3. 3 

3. 7 

4. 1 

4.6 

Unfilled Demand 

0.4 

1. 8 

3.5 

5.9 

7.4 

9.3 

11. 5 


“Negligible. 

Expressed as a constant percentage, 2. 5%, o'f the total demand. 


Table 2-17. MODEL II ELECTRICITY GENERATION 



1970 

1975 

198D 

1985 

10*® Btu 

1990 

1995 

2000 

Demands 








Electricity 

Produced 

5.0 

6. 5 

9.4 

13. 2 

18- 7 

26 . 4 

37. 3 

Waste Heat 
Required 

n. 3 

1 3 . 2 

18. 2 

24 . 6 


49. 1 

69.3 

Total Demand 

l6. 3 

19. 7 

27.6 

37. 8 

52. 9 

75. 5 

106 . 6 

Fossil- Fuel Supply 








Oil (6. Z% of 1975 
Supply) 

I. 3 

1.4 

1.4 

1.4 

1.4 

1.4 

1*4 

Gas (17.4% of N. G. 
Supply) 

3.9 

3. 7 

3. 3 

3. 1 

3.0 

3.0 

2*9 

Coal (0l.9% of Supply, 
64.3% after 1975) 

8. 1 

9.9 

12-0 

13. 8 

16. 0 

IS. 6 

21.4 

Total Fossil 

13. 3 

15. 0 

16.7 

18. 3 

20.4 

23,0 

25.7 

Hydro- and Geothermal 
Powe r'* 

2. 7 

3. 0 

3.5 

4.0 

4. 5 

5.0 

5,5 

Nuclear Heat Required 
for Remaining Dem»inil 

0. 3 

1.7 

7. 4 

15. 5 

28. 0 

47- 5 

75.4 

(Nuclear Heat 
AvaiUihlc^) 

(0.3) 

(3. 5) 

(9. 5) 

(21.0) 

(30. 0) 

(42.0) 

( 60 . 0 ) 

Total Heat Supply 

3 

19. 7 

27,6 

37. 8 

52.9 

70- 0 

91.2 

Heat required for generation, 
^Not included in totnl. 
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period. However, after 1990 there is a shortfall in the energy supply for 
this sector. According to the assumptions of Model Up the excesses and 
deficits are nuclear heat; but with different assumptionsp these quantities 
could be expressed as coal energy. 

Table 2>I8 lists the individual energy shortfalls for each sector and 
the quantities of hydrogen that are potentially available f rom the excess 
nuclear heat. As in Model 1, we have calculated the potential demand for 
hydrogen by summing up the sector deficits (using 25^ of tiie transportation- 
sector deficit). Although the electricity-generating sector has energy deficits 
in Model U, we have exclv^ed its demand from the total potential hydrogen 
demand because it is not considered practical to synthesize hydrogen for use 
as a fuel to generate electricity. The reasons for this are the large required 
hydrogen capacity and the capital costs that result from the accumulative 
energy losses associated with the many consecutive energy- conversion steps. 

Table 2- 18. MODEL U MAXIMUM DEMAND AND POTENTIALS 
FOR HYDROGEN PRODUCTION 


1975 

1980 

1985 1990 

1995 

2000 



10‘® Btu 




Unfilled Demands 
by Sector 

Residential/ Commercial 

4.3 

7.7 

11.0 

12.7 

14. 6 

14.4 

Industrial 

3.7 

5.3 

7.0 

8. 6 

10.1 

11.1 

T r ans por tation 

7.9 

10. 5 

14.7 

17.2 

21. 5 

25.9 

Other 

1.8 

3.5 

5.9 

7.4 

9. 3 

11.5 

Potential Hydrogen Demand 

11.8 

19.1 

27.6 

33.0 

39.4 

43. 5 

Unused Nuclear Heat Supply 

1.8 

2.1 

5.5 

2.0 

0.0 + 

0. 0 + 

Potential Hydrogen 
Supply (Nuclear Heat) 

Electrolysis 

0.0 

0.6 

1.6 

0.7 

0. 0 

0. 0 


* Excluding the electricity. 

A 

Actually a deficit. 
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The potential demand for hydrogen might be satisfied by producing 
hydrogen from potential excess nuclear heat, from additional fossil resources 
(i, e* , in addition to the supplies listed in Table 2- 12), or from new energy 
sources. These new energy sources include solar heat, waste materials, 
nuclear fusion, windpower, and ocean thermal gradients. As is the case 
with Model the sector deficits here also might be filled by energy imports. 
As this model does not include imports, the deficits and the attendant hydrogen 
demands constitute a maximum case for hydrogen demand. 

Summasry of Potential Hydrogen Demand 


The potential maximum demand for hydrogen is bracketed by using 
the sector demands (for hydrogen) from each model. The lower bound is 
the value from Model 1, and the upper bound is the value from Model II. 

We stress that this potential demand could be filled by hydrogen, or by 
combinations of hydrogen with other synthesized chemical fuels and ^lec^* 
tricity. Imported energy could also contribute. If domestic energy were 
to supplement, new and additional energy sources, beyond those included in 
the models^ would be necessary. Assuming, however, that these demands 
are met solely by hydrogen, then the bounds of the potential hydrogen demand 
are as presented in Table 2-19. 

Table 2-19, BOUNDS OF POTENTIAL MAXIMUM 
DEMAND FOR HYDROGEN 



1975 

1980 

1985 

- 10*® 

1990 

laf., — 

1995 

2000 

J^^3i]rtC6L 

Residential/ 




1 V 




Commercial 

2.4- 4.3 

3.0- 

7. 7 

1.9-11.0 

1.5-12.7 

3.4-14.6 

5,1-14.4 

Industrial 

1.2- 3,7 

0. 6- 

5. 3 

0,0- 7.0 

0.0- 8,6 

1.4-10. 1 

2.7-11.1 

Transportation 

1.7- 2,0 

1.8- 

2. 6 

1.8- 3.7 

1.9- 4.3 

2.5- 5.4 

3.3- 6.5 

Other 

1.2- 1.8 

1.9- 

3. 5 

3.2- 5.9 

3.8- 7.4 

5.2- 9.3 

6.6-rll. 5 

Total 

6. 5.11,8 

7. 3. 

19, 1 

6, 9-27. 6 

7.2-33.0 

12, 5-39.4 

17,7-43. 5 
A75102553 


Present and Future Demands for Specific Uses of Hydrogen 

Models 1 and II show the limits of the size of the "energy gap" that 
could be filled by a fuel such as hydrogen. Examination of these tw® models 
is useful because it shows that the traditional supplies of domestic energy 
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will be unable to eatiefy a large portion of the future energy market; thus 
there is an opening for a new energy carrier such as hydrogen. In addition, 
one model shows that some nuclear heat, up to 28* 2 quadrillion Btu in the 
year 2000. could potentially be available for hydrogen synthesis, the 
question that remains is: In what fashion could the synthesized hydrogen 
be utilized? 

We have surveyed portions of the market for present and future uses of 
hydrogen to show how some of the "energy gaps" predicted by Models 1 and II 
might be filled by hydrogen. The market estimates are not comprehensive, 
are not taken directly from either Model 1 or Model II. and should not be 
compared directly to them without expecting some incongruities. Instead, 
the estimates are based on the extrapolation of historical data, and model 
growth rates are used only when necessary. 

Extrapolation of Present-Day Hydrogen Demands 

Table 2>20 shows the largest present-day uses of hydrogen (as a feed- 
stock or intermediate), the amount of hydrogen so consumed in 1973. and 
their growth rates, as given by various sources. 

Table 2^20. PRESENT-DAY HYDROGEN USES AND GROWTH RATES 


Use 

1973 Usage, 10*® Btu 

Annual Growth Rate, % 

Ammonia Synthesis^ 

0.340* 

4.5 

Chemical Methanol Synthesis^ 

0.076* 

6.0 

Oil Refining* 



Hydrotreating 

0.176 

10.0 

Hydrocracking 

0.241 

<1.0 

Others^ 

0.049* 

10.0 


* U.S. Bureau of Mines. "Hydrogen Commodity Statement 1973," unpublished. 
Washington, D. C., December 1974. 


To estinoEte the demand for hydrogen from these sources, we have 
made the'following assumptions: 

• Ammonia and chemical methanol synthesis will grow at their historical 
rates. 
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• Because of recently applied sulfur restrictions, hydrotreating is grow- 
ing at an accelerated rate. This rate was assumed to continue until 
1979, at which point the hydrotreating growth rate would decrease to 
that of oil refining in general. 

• The growth of hydrocracking is currently depressed, primarily by the 
sudden shortage of natural gas. It is assumed that hydrocracking will 
begin to grow again at the s£,me rate as oil refining in general, in 1980. 

• The rate of growth for oil refining was assumed to be about 2% per year, 
(as indicated by Model H). 

• The "other" uses of hydrogei^ have been growing at a rate of 10% per 
year. It was assumed that this growth rate would continue until 1985, 
then decrease to a rate of 5% per year after that. 

Table 2-21 thus shows the estimated hydrogen demand for traditional uses 

(feedstock or intermediate that could become a feedstock). 


Table 2-21. HYDROGEN DEMAND FOR TRADITIONAL USES 


Use 

1973 

1980 

1985 
— 10‘5 

1990 
Btu/ yr — 

1995 

2000 

Ammonia Synthesis 

0.340 

0.46 

0.60 

0.7 

0.9 

1.1 

Chemical Methanol 

Synthesis 

0.076 

0. 11 

0. 15 

0. 20 

0. 30 

0.4 

Oil Refining 

Hyd rotre ating 

0.176 

0.34 

0.38 

0.41 

0.46 

0.5 

Hydroc racking 

0.241 

0.26 

0.29 

0.32 

0.35 

0.4 

Other 

0.049 

0. 10 

0. 15 

0. 20 

0. 25 

0.3 

Total 

0.882 

1.27 

1.57 

1.83 

2.26 

2.7 


Future Uses of Hydrogen as a Chemical Feedstock 

In the next few decades, a nxxmber of new markets for hydrogen may | 

open up. Hydrogen may be used as a reducing gas in iron ore refining, 
and estimates have been published showing the quantities of hydrogen that " i 

; I 

may thus be needed. Table 2-22 gives the estimates of hydrogen usage 

presented in a report 3 by The Futures Group. ^ ; 

As will be shown in a later section of this report, tremendous amounts 
of hydrogen will be needed for coal liquefaction and gasification processes. * | 

Oil shale processing, while less hydrogen intensive than the production of . J 

clean fuels from coal, will also require large amounts of hydrogen. Table 2-23 

' y 

shows, for each process, the approximate quantity of hydrogen needed per , j 
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Table 2-22. DEMAND FOR HYDROGEN BY IRON ORE DIRECT - 
II REDUCTION PROCESSES 

Demand* 



Year 

10 *5 Btu/yr 

0 

1980 

0. 102 


.985 

0.215 

0 

1990 

0. 357 


1995* 

0. 487 

n 

2000 

0.650 

u 

* Interpolated. 



11 

Table 2-23. HYDROGEN DEMAND FOR SYNTHETIC FUEL 
PROCESSES PER UNIT OF OUTPUT 

l! 

Process 

Demand* 

SCF of Hydrogen 

li 

Coal Gasification 

1. 3/SCF of methane 


Coal Liquefaction 

6000/bbl of syncrude 

'i 

'J 

Oil Shale 

1 lOO/bbl of 45® APLgravity syncrude 



unit of product. These hydrogen demands were calculated from process 
flow sheets and represent the amount of molecular hydrogen utilized in each 
process. Hydrogen generated in a process in a manner such that an outside 
stream of hydrogen could not be substituted for it is not counted. Table 2-24 
shows the demand for hydrogen that would be created if the if the synthetic - 
fuels industry were to grow at the rate predicted by Model IL 

Table 2-24. HYDROGEN DEMAND FOR SYNTHETIC FUEL PROCESSES 

(Model II Growth) 



1980 

1985 

1990 

— 10^® Btu/yr — 

1995 

2000 

Process 





Coal Gasification 

0.09 

0.48 

1.45 

2. 65 

3.74 

Coal Liquefaction 

0, 00 

0. 14 

0. 84 

1. 81 

2. 86 

Oil Shale 

0.01 

0.04 

0. 16 

0.29 

0.41 


0. 10 

0. 66 
25 

2. 45 

4.75 

7. 01 


INSTITUTE OF GAS TECHNOLOGY 



8/75 


8962 


Hydrogen afs a Substitute for Natural Gae 

Hydrogen may be very useful as a supplementary or gaseous fuel. To 
estimate this demand^ we have used the projections given in "Future Gas 
Consumption of the United States, " by the Future Requirements Commit|:ee 
(FRC) of the American Gas Association.^ This publication presents expeqta- 
tions for the gaseous -fuel market during this century if supply were not a 
problem. 

Table 2-25 shows the gas supply predicted by Model II, the demand 
estimated by the FRC (excluding all interruptible supplies), and the unfilled 
demand (the difference between the two amotmts). 


Table 2-25. GASEOUS FUEL SUPPLY AND DEMAND 



1980 

1985 

1990 

P.f n / irr^ 

1995 

2PQ0 

Demand (FRG) 

25. 3 

30. 1 

34.9 

41.6 

49,2 

Supply (Model II) 

20.0 

18.7 

20.4 

22.9 

25.2 

Unfilled Demand 

5.3 

11.4 

14. 5 

18.7 

24.0 

Extrapolated. 







It should be clear from Table 2-21, 2-22, 2-24, and 2-25 that, although 
there are sizable demands for hydrogen as a chemical, the largest market 
for hydrogen will be its use as a fuel ~ if it can be produced and delivered 
cheaply. 
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3. HYDROGEN PRODUCTION BY EU:CTRO LYSIS - D. P. Gregory 
Intr oduction 

The production of hydrogen hy the electrolysis of water is, in principle, 
very simple. The basic electrolysis cell cortsists of a pair of electrodes 
immersed in a conducting electrolyte dissolved in water. A direct current 
is passed ihrough the cell from one electrode to the other. Hydrogen is 
evolved at one electrode, oxygen is evolved at the other, and water is thus 
removed from the solution, hi a continuously operating electrolysis cell, 
replacement of the pure water is continuously supplied: and a continuous 
stream of hydrogen and oxygen may be obtained from the two electrodes. In 
practice, electrolysis cells are rather more complicated than this, containing 
various other components that allow them to work efficiently and economically. 
Because the basic electrolysis cell has no moving parts, it is reliable and 
trouble-free; and electrolysis represents the least labor-intensive method 
of producing hydrogen. In addition to the trouble-free operation, electrolysis 
is the most efficient way of generating hydrogen under pressure. Increasing 
the pressure Of operation of the cell results in a higher theoretical voltage 
requirement to drive the cell, but electrolysis cells normally work more 
efficiently at a higher pressure; and the gain in efficiency usually more 
than offsets the extra electrical energy requirement. 

The most important characteristic of electrolysis is not that hydro- 
gen and oxygen are split out from water, but that they are separated at 
the same time. This benefit is derived at the expense of having to use a 
high "energy form, " namely electric power, as the input to the cell. Elec- 
trolysis has traditionally been considered one of the more expensive methods 
of hydrogen production and electrolyzers have been assumed to be inefficient 
and expensive. On the contrary, it is the electric-generation step that is 
expensive and inefficient; and most commercial electrolyzers available today 
are capable of operating at electrlcity-to-hydrogen efficiencies above 75%, 
while their capital -cost potential is far less than that of the power stations 
that would be required to run them. 

In this section, the principles of electrolysis and the energy requirements 
for production of electrolytic hydrogen are discus red. The various basic 
designs of electrolyzer cells are described, as are some of the available 
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units. The status of industrial electrolytic hydrogen production is such that 
this method represents only a small fraction of the total hydrogen-production 
capacity, but a large number of small electrolysis plants exist in various 
parts of the world; and die location and size of some of the larger ones are 
described in this report. The estimated costs of hydrogen produced by various 
electrolyzers as a function of eleVctric power costs have been calculated and 
an outline of various research programs, largely aimed at reducing the cost of 
electrolytic hydrogen production, is given. 

Principles of Electrolysis 

When a direct current is passed through water between two electrodes, 
water decomposes according to the reaction — 

H20-> Hj + i/zOj 

Water is actually a poor conductor of electricity; and in order for this 
reaction to proceed, a conducting electrolyte must be added to the water. 

Water essentially dissociates into hydrogen and hydroxyl ions (H"^ and OH). 
The positive hydrogen ions migrate toward the cathode, the negative 
electrode, where they are discharged by picking up electrons and forming 
hydrogen molecules: 

2H + 2e" ■* H 

2 

The hydrogen molecules accumulate on the surface of the electrode until a 
bubble forms, breaks away, and rises to the surface of the electrolyte. At 
the oxygen electrode, a similar process occurs in which hydroxyl ions are 
discharged by giving up their electrons to the electrode and reacting to form 
water and oxygen. The oxygen molecules accumulate into gas bubbles and 
rise to the surface. 

Both of these electrode reactions require some intermediate catalytic 
reaction with a metal surface. It is believed that the hydrogen ions dis- 
charge on the metal surface to form an adsorbed layer of hydrogen atoms, 
which then recombine on the surface to form hydrogen molecules. The ease 
with which the electrode reactions occur is profoundly affected by both the 
physical and chemical natures of the surfaces of the electrodes. 

A basic electrolyzer cell consists of the following components; 

• An electrolyte — a water solution made conductive by mixing a 

salt or compound with water. The selection of the electrolyte is important 
because it must have the following characteristics; It must exhibit high 
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ionic conductivity; it must not be chemically decomposed by voltage as 
large as that applied to the cell (so that only water is decomposed); it 
must not be volatile enough to be removed with the evolved gas; and, 
because hydrogen-ion concentrations are being rapidly perturbed at 
the electrodes, the electrolyte should have a strong resistance to pH 
changes — i,e. , it should be a buffer solution. 

For the most practical applications, these criteria can be met by the 
use of a strong acid, such as sulfuric acid, or a strong alkali, such as 
potassium hydroxide (KOH). Most salts are themselves decomposed 
tinder electrolysis at voltages likely to be encountered in an electrolyzer 
cell. Acid electrolytes present severe corrosion problems and are not 
usually selected for electrolyzers. Therefore, most commercial elec- 
trolyzers operate with an alkaline electrolyte. Maximum conductivity 
occurs in KOH solutions at about a 30% concentration, and this is the 
concentration usually selected. There is one notable exception to this 
use of alkaline electrolytes — the use of a solid polymeric ion -exchange 
material that also has good ionic conductivity. Ion -exchange resins 
having mobile negative ions (in other words, alkaline ion-exchange resins) 
are notoriously sensitive to chemical degradation at elevated tempera- 
tures, and this restricts the choice of ion-exchange electrolytes to acidic 
systems. The most successful work with ion-exchange electrolytes has 
been carried out using a polymerized fluorinated polystyrene sulfonic 
acid. 

• Electrodes that have the following characteristics — they must be elec- 
tronic conductors; they must have a suitable catalytic suri^ce for the 
discharge of hydrogen or hydroxyl ions; they must provide a large- 
area interfe.ce between the catalyst and the electrolyte; they must 
provide adequate sites for the nucleation of gas bubbles; and they must 
provide a reasonable means for the detachment of gas bubbles so that 
they may separate themselves from the electrolyte at the operating 
voltage of the cell. 

The form of the electrodes varies considerably from one cell design to 
another. Large surface areas are obtained by the use of sintered struc- 
tures, finned bodys, screens, perforated plates, and flat plates with 
electrochemically roughened surfaces. In the alkaline cells, nickel 
is the most commonly used catalytic surface. Rather than making 
electrodes out of solid nickel, nickel-plated mild steel is often used. 

The application of precious -metal catalysts, such as platinum, assists 
the electrode processes considerably and allows them to proceed more 
rapidly than on nickel, but the extra cost of the precious metal is not 
usually considered justified. In the case of the polymeric acid elec- 
trolyte, electrodes must be made of more chemically resistant 
materials than nickel or steel. Tantalum and gold have been used, 
while the precious metals themselves, platinum, rhodium, iridium, 
etc. , are usually considered necessary as catalysts. When platinum 
is used, a large surface area can be obtained by the use of so-called 
platinum black, a finely divided powder of platinum metal particles. 
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• A separator — required between the two electrodes and serving the follow- 
ing purposes: It prevents the electrodes from touching each other and 
shorting out, and it prevents the hydrogen and oxygen gases from mixing 
together inside the celli To provide this function properly, the separator 
must consist of a porous diaphragm or matrix through which the electro- 
lyte solution can pass, affording an ionic conducting path from one side 

of the cell to the other. These pores must remain full of liquid so that 
gas cannot penetrate them. Additionally, the separator material must 
not be corroded by the electrolyte in the presence of hydrogen or oxygen 
gas, and it must remain structurally stable for die entire operating life 
of the cell so that the pores do not collapse. To keep the ionic resistance 
of the cell as low as possible, the separator is usually made In the form 
of a thin sheet, the thickness of which is determined by mechanical 
strength and gas crossover limitations. In the case of alkaline cells, 
asbestos has commonly been used for the separator material. Woven 
asbestos cloth and matted asbestos fibers are both used in commer- 
cial cells. Some experimental materials, including potassium titanate, 
have been used in other alkaline cells. In the case of the polymeric 
acid ion-exchange resin, this material acts as its own separator; and 
no additional material is needed. 

• A container — required to hold the electrolyte. In some cells, a nickel- 
plated steel tank with a lid is used, while in others, solid metal sheets 
are interposed between the electrodes, which are then stacked together 
with peripheral gaskets used to seal the outer edges. This way, no 
separate container is required, and current is passed from one electrode 
to the next through the metal separator plate. 

In addition to the basic components of the electrolyzer cell itself, an 
electrolyzer "system" requires further components. These include power- 
conditioning equipment to convert ae power to the dc current required by the 
cell; electrical bus bar equipment to distribute the dc power to the various 
electrodes in an assembly of electrolyzer cells; gas -exit pipe work to duct 
the hydrogen and oxygen away from the cell; separation systems to separate 
the gases from the electrolyte, which may be entrained with the gas or 
deliberately circulated out of the cell with the gas; cooling systems to remove 
waste heat from the cell itsel. ; and drying systems to dry the hydrogen and 
oxygen after they have been generated. Thus, an electrolyzer system may 
be seen to be far more complex than the simple concept of "two electrodes 
in an electrolyte" that was presented earlier. Later in this section, options 
for electrolyzer cell and system designs will be described and discussed in 
more detail. 

Energy Requirements for Electrolysis 

The overall process of water decomposition by electrolysis is the reverse 
of the process of hydrogen combustion. Therefore, the theoretical amount of 
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energy required per unit quantity of hydrogen produced is the same as heat 
of combustion. Each hydrogen molecule is formed by the addition of two 
electrons to two hydrogen ions in solution, so that a direct relationship exists 
between the current passed (the electron flow rate) and the rate of hydrogen 
production (Faraday' s law). Deviations from Faraday' s law (which implies 
that 15.6 SCF* of hydrogen is produced per 1000 A-hr) are characterized 
by the electric -current efficiency of the cell. The current efficiency in most 
cells approaches 100%. Any lower efficiencies experienced are the result of 
extraneous electrode reactions during the electrolysis; but, theoretically, 
no alternative chemical reactions can occur except the recombination of 
hydrogen and oxygen in solution. A perfectly efficient cell would require 
94 kWhr of electrical energy for each 1000 SCF of hydrogen produced. Of 
these 94 kWhr, only 79 need be supplied as electrical energy; the remainder 
can be supplied as heat. Because this energy input to the cell is in the form 
of power (the product of voltage and current), each electrolytic process has 
a theoretical voltage corresponding to the energy required for the reaction 
to proceed. 

In electrolysis, only the free energy of reaction, can be interchanged 

with electrical energy at constant temperature and pressure. The quantity 
of electric charge corresponding to the molar quantities indicated in the 
balanced chemical equation is nF, where n is the number of electrons trans- 
ferred per molecule and F is the Faraday value. If this quantity of electrical 
charge is transported through a potential difference of E volts, the amount 
of work required is given by nFE. Because this electrical change does not 
involve pres sure -volume work and is carried out isothermally, the change 
in Gibbs free energy is given by — 

AG = -nFE (3-1) 

where E is the potential difference, or voltage, which by convention is taken 
as positive. If AG is negative for a spontaneous cell reaction and E is taken 
as positive for a spontaneously discharging coll, there results a negative 
sign in Equation 3-1. 

The entropy change for an electrolytic -cell reaction may be calculated 
from the temperature coefficient of the electromotive force because — 

’''All cubic feet measurements given in this section are at standard conditions, 
68 F and 14.7psi, 
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= ^ 


Introducing this into Equation 3-1, we have — 

< 5 - 2 ) 

The enthalpy change for the cell reaction may be calculated by substituting 
Equations 3-1 and 3-2 into — 

AH = AG + T AS =: -nFE + nFT(^ (3-3) 

OX p 

It is apparent from Equation 3-3 that the difference between the free -energy 
change and the total-energy change (enthalpy) is accounted for by an entropy 
change in the process. Because the entropy change cannot be converted to 
electricity, it must be supplied or liberated as heat. 


For a water electrolysis cell, we can calculate that the voltage corre- 
sponding to the enthalpy change, or the heat of combustion of hydrogen, is 
1.47 volts at 25° C (77° F), whereas the cell voltage corresponding to the 
free-energy change is only 1. 23 volts. 

In an ideal case, then, 1.47 volts applied to a water electrolysis cell at 
25° C (77° F) would generate hydrogen and OTcygen isothermally — that is, 
at 100% thermal efficiency with no waste heat produced. However, a voltage 
as low as 1. 23 volts would still generate hydrogen and oxygen, but the cell 
would absorb heat from its surroundings. The electrical energy required for 
the process is only 83.7% of the combustion energy of the hydrogen produced; 
the other 16. 3% is supplied as heat. Another way of expressing this is that 
the fuel value of the hydrogen produced is 120% of the heating value of the 
electrical energy input. 

In practical cells, there is usually an efficiency loss that is greater than 
the difference between the free-energy voltage and the enthalpy voltage. In 
other words, practical cells usually operate at voltages greater than 1.47 volts 
and liberate heat because of a variety of efficiency losses occurring within 
the cell. The heat required to supply the entropy of reaction is therefore 
provided by some of this waste heal, and practical cells do not absorb heat 
from their surroundings. If an extremely well performing cell could be 
operated at a voltage below 1. 47 volts, it would act as a refrigerator, drawing 
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heat from its surroundings to make up the deficit in the energy input. There 
seems to be little chance of developing electrolyzer cells that operate so 
close to the ideal that they do, in fact, act as refrigerators. However, 
there seems to be a reasonable chance of obtaining cell operation at 1.47 
volts, which would represent an apparent 100% conversion of electrical 
energy to the fuel value of hydrogen. If such a cell performance can be achieved 
and an apparent cell efficiency of 100% is demonstrated, this would still 
represent an electrochemical efficiency of only 83%. It is curious, therefore, 
that a practical device could probably be produced that operates at an apparent 
efficiency of 100% without violating the basic laws of thermodynamics. This 
operating voltage of 1.47 volts is a good target to aim for in the development 
of advanced electrolyzer cells. 

The free -energy-change voltage, E, or "reversible” voltage as it is 
called, varies with temperature as shown in Figure 3-1. As can be seen, 
raising the temperature lowers the voltage at which water can be decomposed. 
This factor operates in favor of electrolysis cells because at higher tem- 
peratures the electrode processes proceed faster, with less loss, while the 
required energy input is less. This is in contrast to fuel cells; their available 
energy output falls as the temperature is raised. 



Figure 3-1. IDEALIZED OPERATING CONDITIONS FOR 

ELECTROLYZER 
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The voltage corresponding to enthalpy change, or as we shall term it, the 
"thermoneutral voltage, " varies only slightly with temperature, from 1,47 
volts at 25° C (77° F) to 1. 50 volts at 34G°C (644°F). This is also shown in 
Figure 3-1, Three areas, therefore, can be identified: 1) that in which 
no hydrogen is evolved, 2) that in which hydrogen is made at an apparently 
greater-than-100% efficiency, and 3) that in which hydrogen is made at an 
efficiency of les3 than 100% with the production of waste heat. 

Effect of Pressure on the Decomposition Voltage 

In considering the theoretical aspects of the effect of pressure on electroly- 
sis, we have to inquire into the effect of pressure on the decomposition volt- 
age and on the efficiency losses within the cell. During electrolysis the 
free -energy change can be written as — 

dG = HSdT + VdP (i-4) 

If we apply this at constant temperature we can write — 

.^E — = Vp — Vr (3-5) 


where G , G , V , and V are Ihe Gibbs free energies and volumes 

V p T P 

of the reactants and products, respectively. This equation may be written - 

= 4V (3-6) 


where aV is the change in volume during reaction. Substituting AG 
into Equation 3-6 we obtain — 

aP nF ' ' 

If we assume that the volume of the liquid water is small compared with that 
of gaseous products hydrogen (H^) and oxygen (O 2 ), and if we further assume 
the volumes of these gases obey the perfect gas law — 

PV = ZRT (3-8) 

where Z s number of moles, we derive — 


/ZRT dPv 

dE=(-jj|T- -p-)Q 


ZRT dPx 


nF P 'H 


(3-9) 


2 2 

By integration between ambient conditions and the operating pressure we 
obtain — 


i > 

i ^ 

i : 


log Pj^^ + 

0,058 

4 

log P^^^ (3-10) 

IS 
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Because during electrolysis p = P — 

U2 


E = El + 0.0435 log P (P s atm) (3-11) 

P 

Thus, raising the pressure of operation of a water electrolyzer results 
in a theoretical increase in the decomposition voltage of 43 mV for every 
tenfold increase in pressure. The energy required to provide this additional 
voltage is exactly equal to the potential energy contained in the high-pressure 
hydrogen. In practice, electrolyzer cells operate slightly closer to the ideal 
at higher pressures than they do at atmospheric pressure — that is, effi- 
ciency losses are less at higher pressures. This is because of a variety of 
reasons, including the fact that the gas bubbles evolved are smaller and pro- 
vide less hindrance to the passage of ionic current across the cell. At 
pressures of up to about 400 psia, the saving in energy due to increased 
efficiency is greater than the extra energy that has to be expended to over- 
come the theoretical voltage. Thus, pressurized operation of electrolyzers 
is an extremely efficient way of generating pressurized hydrogen; and, up 
to moderate pressure increases, pressure can be developed at '’apparent” 
pumping efficiencies of greater than 100%. 

In addition to the energy required to pass current through the electrolyzer 
cell itself, certain parasitic energy requirements must be met. Most 
practical electrolyzer systems contain pumps for circulation of the electro- 
lyte, gas, or cooling fluid; and these consume small, but significant, quanti- 
ties of energy. The power supplied to the cell must be relatively low volt- 
age dc, although power supplies are conventionally high-voltage, 3-phase 
ac. The conversion of ac line power to dc power is not carried out with 
100% efficiency; and the power -conditioning equipment, therefore, repre- 
sents a further parasitic energy load on the system. These parasitic energy 
loads amount to somewhat less than 5% of tlie total energy consumption of 
an electrolyzer system. 

Returning to the electrolyzer cell itself, the energy requirements of a 
practical cell are always greater than the minimum theoretical energy re- 
quirements described above. Efficiency losses occur because of a) the 
resistance of the electrolyte itself, b) changes in the voltage of the elec- 
trodes due to concentration polarization (changes in the concentration 
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of hydrogen ions, oxygen ions, or water in the vicinity of the electrodes), 
and c) voltage gradients setup at the electrode -electrolyte Interface itself 

due to the slowness of the electrode reactions. Additionally, there are 
small losses in the electronic conduction of current through the metal parts 
of the cell. 

Because a practical cell operates at a higher voltage than the theoretical 
value of 1. 23 volts (at room temperature and pressure), ihe difference between 
the actual applied voltage and the theoretical voltage is commonly called 
overvoltage. The change in voltage at individual electrodes is often called 
polarization, and the terms overvoltage and polarization are used synony- 
mously. The voltage efficiency of the cell can be determined by comparing 
the actual operating voltage with the theoretical voltage at the operating 
conditions. The operating voltage of a cell varies according to the current 
that is passed through it. Just as in an ohmic resistance, increasing the cur- 
rent results in an Increase in voltage. Thus, the voltage efficiency of an 
electrolyzer cell is a function of the current passed through it, decreasing 
as the current is raised. If the operating voltage of the cell is plotted 
against the current per unit area of electrode, commonly termed the cur- 
rent density, a characteristic curve, commonly called a polarization curve, 
is obtained. This curve is a vital design parameter for an electrolyzer sys- 
tem because it shows the relationship between voltage for efficiency and the 
current density for the rate of hydrogen production. Clearly, by doubling 
the rate of current density, and thus doubling the hydrogen-production rate, 
the effective capital cost of the cell is halved, although efficiency is penalized. 
The polarization curve can be used to show a trade-off between capital cost 
and efficiency in determining an optimum operating point. 

The current required to decompose water is determined simply by the 
fact that two electrons are needed to discharge one molecule of hydrogen. 

This corresponds to 15.6 SCF of hydrogen produced/lOOO A-hr. In practical 
cells, high current efficiencies, approaching 100%, are usually achieved 
because there usually is no other path for the current to take. When multiple 
cells are connected t''”;ether in series and use a common electrolyte, some 
current can short-circuit from one end of the cell stack to the other through 
the electrolyte feed channels. This only occurs with certain cell designs and 
results in a slight loss of current efficiency. Another source of efficiency 
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loss is the recombination of hydrogen and oxygen because they dissolve to 
some extent in the electrolyte and crossover into the separator. This loss 
becomes more pronounced when cells are operated at high pressures because 
of the increase in solubility. In practical low-pressure cells, current effi- 
ciencies in excess of 98% are usually obtained. The energy efficiency, or 
power efficiency, of a cell is therefore largely dependent upon the voltage 
losses or polarization of the cell, which remains the most important char- 
acteristic in determining the energy requirements for the practical electro- 
lyzer cell. 

Basic Designs of Electrolyzer Cells 4 

The oldest form of industrial electrolysis of water uses the tank electro- 
lyzer in which a series of electrodes, anodes and cathodes alternately, are 
suspended vertically and parallel to one another in a tank partially filled with 
electrolyte. Alternate electrodes, usually cathodes, are surrounded by dia- 
phragms that prevent the passage of gas from one electrode compartment to 
another. The diaphgram is impermeable to gas, but permeable to the cell* s 
electrolyte. The whole assembly is hung from a series of gas collectors. 

A single tank-type cell usually contains a number of electrodes, and all elec- 
trodes of the same polarity are connected in parallel, electrically, as pic- 
tured in Figure 3-2. This arrangement allows an individual tank to operate 
across a 1.9 to 2. 5 volt dc supply. In general, the cost of electrical 
conductors increases as the current load increases, but the cost of ac-dc 
rectification equipment per units of output decreases as the output voltage 
Increases. This is one important consideration in the design of tank-type 
electrolyzers. 

There are two major advantages to tank-type electrolyzers: 

1. Relatively few parts are required to build a tank-type electrolyzer, and 
those parts that are needed are relatively inexpensive. Because of this 
feature, tank-type electrolyzers tend to optimize at a lower thermal 
efficiency than do more sophisticated electrolyzer structures. There- 
fore, tank-type electrolyzers are usually selected when electric -power 
costs are at &eir lowest. 

2. Individual cells may be Isolated for repair or replacement simply by 
short-circuiting the two adjacent cells with a bus bar. This feature 
allows maintenance to be carried out with a minimum of downtime for 
the entire plant. 
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Figure 3-2. SCHEMATIC DIAGRAM OF A UNIPOLAR 
(Tank-Type) ELECTROLYZER 


The major disadvantages of tank-type electrolyzers are a) their inability 
to operate at high temperatures because of heat losses from the large surface 
areas; b) their requirements for more floor space than other types of electro- 
lyzers (a point disputed by some proponents of tank-type electrolyzers, who 
state that tank cells can be accommodated in as small a floor space as the 
filter-press type), and c) the difficulty of designing the tanks to operate at 
high pressures. 

As an alternative vO tank-type electrolyzers, more recent electrolyzer 
designs use stacks so that ^he positive electrode of one cell is directly 
connected to the negative electrode of the next. An assembly of cells has 
superficial resemblance to a filter press because the electrolyte is mani- 
folded to flow through each cell in parallel while hydrogen and oxygen exit 
lines are similarly manifolded through the stack. 

Figure 3-3 is a schematic of a filter-press cell construction. This type 
of cell is sometimes called a bipolar cell (in contrast to the monopolar assembly 
in the tank-type cell) because each electrode is used with one face as the posi- 
tive electrode of one cell and the op^site face as the negative electrode of the 
next cell. In practice, filter-prt ss-type cells are usually constructed with 
separate electrodes in each cell that are electrically connected through a 
solid metal separator plate that serves to haep the hydrogen cavity of one 
cell separate from the oxygen cavify of the next. Because the cells of tlie 
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CELL BATTERY '/OLTAGE - N« PAIPS OF ELECTRODES * 


Figure 3-3. FILTER -PRESS (Bipolar) CELL CONSTRUCTION‘S 

filter-pre ss -type electrolyzer can be relatively thin, a large gas output can 
be achieved from a relatively small p-i-ece of equipment. It is usually neces- 
sary to cool the cells by circulating the electrolyte tiirough them, and the 
electrolyte exiting from the cell carries with it the gas produced. In many 
designs, separation of the gas from the electrolyte is accomplished in a 
separating drum mounted on top of the electrolyzer. The electrolyte, free 
of gas, is recirculated through the cells. The major advantages of filter- 
press-type electrolyzers are that a) they take up less floor space than the 
tank -type design, b) they are more amenable to operation at high pressures, 
and c) they are more amenable to operation at high temperatures. The major* 
disadvantages are that a) they require a much closer tolerance in construction 
because of sealing problems, and b) they are more difficult to maintain be- 
cause if one cell fails, the entire battery has to be dismantled, and production 
of hydrogen is lost. 

Filter-press electrolyzers usually present higher capital costs per unic 
area than tank-type cells; and, to compensate for this, they are operated at 
higher current densities. 

Cells that use a solid-polymer electrolyte are usually constructed on the 
filter-press -type design. They do not require electrolyte circulation because 
the electrolyte is immobilized in the form of an ion -exchange resin. The 
electrodes are either embedded in the surface of the resin sheets or pressed 
closely against the two opposing faces of the sheet of resin material. A 
ribbed or corrugated solid-metal separator plate is interposed between cells, 
providing electric continuity between one cell and the next while separating 
the hydrogen from the oxygen in adjacent cells. This type of cell is usually 
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cooled by circulating water through the cavity between the metal separator 
and Ihe electrode plate. Hydrogen or oxygen evolved into this cavity is swept 
out by the coolant stream and is separated from the water outside the cell. 

The advantages of the solid-polymer-type cell are that a) the electrolyte 
membrane or diaphragm can be made very thin, allowing high conductivity 
without risk of gas crossover,and b) the electrolyte is immobilized and 
cannot be leached out of the cell. The disadvantages of the solid-polymer- 
electrolyte (SPE) cell are that a) the electrolyte costs more than the conven- 
tioncd alkaline solutions and b) the electrolyte is corrosive and requires more 
expensive metal components to be used in the cell. For these reasons, solid- 
polymer-electrolyte cells are usually operated at somewhat higher current 
densities than cells that use a liquid alkaline electrolyte. 

Electrolyzer-System Designs 

A total electrolyzer system consists of all the equipment necessary for 
the process, from the input of electrical power to the output of hydrogen 
and oxygen gas at the appropriate purity and pressure levels. In addition to 
the electrolyzer cell module itself, which has already been described, three 
major subsidiary systems can be used in various forms. 

Power Supply 

For relatively large-scale electrolyzer systems, power is usually 
supplied from a three-phase, high-voltage line. To convert this into the 
relatively low voltage dc power needed for the electrolyzer cell, a combina- 
tion transformer-rectifier unit is usually used. There is a trade-off to be 
to be made in the design of the transformer -rectifier system, which can pro- 
vide dc at relatively high or relatively low voltages. By connecting the cells 
in series, high-voltage dc systems can be used, and this can have some cost 
advantages in the requirem* -its for transformers and rectifiers. For reason- 
ably large systems, dc voltages of 70 to 100 volts are usually used. Clearly, 
this is not possible with very small units because a large number of very 
small cells would be needed. 

The cost of a transformer-rectifier system is considerable and can repre- 
sent as much as 1/3 to 1/2 of the cost of the entire system. If electric power 
is being generated onsite, some consideration should be given to the direct 
generation of dc power and to the use of this for electrolysis. There seem to 

41 

I N S T I T U TE OF CAS TECHNOLOC Y 





8/75 8962 

be no examples of this in other electrochemical installations , for example* in 
chloride -caustic plants or aluminum- smelting installations that use onsite 
power. However, recent, developments in the technology of acyclic or dc 

J 

generators may make the direct reduction of dc power more promising. 

Modern, acyclic dc generators operate only at low voltages and this implies 
the use of very large currents, very large bus bars to distribute the power 
to the electrolyzer cells, and very complicated switch gear for handling high-r 
current, low -voltage dc. On the other hand, dc generators apparently can 
be produced for about the same cost as ac generators; and the use of the dc 
system could considerably reduce capital costs that would otherwise be re- 
quired in the provision of transformer-rectifier units. At present, not enough 
information is available to draw- any conclusions about the relative merits and 
disadvantages of the ac versus dc supply systems. 

Cooling Systems 

Because electrolyzer cells are not, in fact, 100% efficient, a considerable 
amount of waste heat is generated in the electrolyzers cind must be removed 
from the cells. There are several ways of doing this: a) by circulating 
electrolyte, b) by circulating hydrogen, c) by circulating water through the 
cell, and d) by circulating water through a heat exchanger in contact with the 
cell. 

Circulation of electrolyte requires a pump capable of handling a corrosive 
liquid at relatively high temperatures and possibly at a high pressure. If 
electrolyte is circulated through a common manifold through a large number 
of cells connected in series, then a high voltage is applied to it from one end 
of the manifold to the other. This induces a short circuit through the elec?- 
trolyte, thus utilizing only the electrodes at either end of the cell stack. 

There is a trade-off between the reduction of this short-circuit current pr 
"shunt current," which results in low current efficiency of the entire cpU stack, 
and the deliberate introduction of high-resistance paths in the electrolyte 
circulation loop, which result in a requirement for high circulating pumping 
power. In some types of cells, notably the tank-type cells in which the electro- 
lyte in each cell is kept entirely separate from that in all others, these ghunt 
currents are iiot possible. The circulation of electrolyte In these cells is 
usually provided by the gas-lift effect of the gases being evolved at the elec- 
trodes. Thus, very little parasitic energy is required, and no electrqlyte 
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circulating pump is needed. However, the circulation rates achieved by this 
means are not usually sufficient to remove the generated heat from the cell, 
but simply serve to stir up the electrolyte to reduce concentration gradients 
resulting from the removal and replacement of water. 

Hydrogen itself can be used as a heat transfer material by circulating it 
repeatedly through the cell. Again, a circulating pump is required that can 
handle hydrogen, sometimes in the presence of traces of electrolyte. Hydro- 
gen is withdrawn from the circulating loop at the rate at which it is produced 
at the electrode, and the circulating loop contains the heat exchanger by which 
the waste heat of the cell is removed. 

In the SPE-type cell, it is possible to circulate water through the cell, in 
contact with the electrolye, without leaching out the electrolyte itself. This 
approach is not possible in a cell that uses an aqueous electrolyte solution; 
and, in this case, a separate water compartment must be used. This is easier 
to achieve in a tank-type cell than in a filter-press type, although water-cooled 
plates can be built into stack-type cells. In some tank cells, a water chest, 
to act as a heat-removing mechanism, is incorporated into the design of the 
tank itself. 

One of the problems of operating electrolyzer cells at very high pressures 
is that the auxiliary equipment, including the cooling system, would also have 
to be operated at high pressures; and thus die cost of even electrolyte and 
feedwater pumps, which in an atmospheric system would be insignificant, can 
become considerable. 

Gas-Removal Systems 

Once gas has been generated at the electrodes, it must be removed from 
the electrolyzer cell and conditioned to the temperatures, pressures, and purity 
levels required by the customer. There are two ways of removing the gas 
from the cell: One is to allow it to be entrained in the flowing stream of 
electrolyte, bring both out from the cell together, and pass the stream through 
an external separator. This usually makes the design of the electrolyzer 
cell itself more simple, but requires extra equipment for the separation of 
electrolyte from the gas. Clearly, two separator systems would be required — 
one for hydrogen and one for oxygen. The second method is to allow the gas 
to separate itself from the electrolyte within the cell and then remove it as a 
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gas stream only. In this case, it is likely to carry over a spray of electrolyte, 
and a spray trap of some sort is needed. Once hydrogen and oxygen have 
been removed from the cell, they must be dried because they are produced 
from die cell saturated with water vapor. After drying, they must be com-t 
pressed if the cell is not operating at the required delivery pressure. This 
need for an external compressor increases the parasitic load or energy 
requirement of the overall cell system. The removal of small traces of oxygen 
from the hydrogen stream can be accomplished by use of a so-called "deoxo” 
catalyst. This catalyst is usually a high-surface-area palladium catalyst, 
supported on asbestos, that has the effect of causing the traces of oxygen 
to combine with hydrogen to form water. Because oxygen and water vapor 
are the only major impurities likely to be found in electrolytic hydrogen, 
drying and oxygen removal are the only purification steps necessary for 
obtaining very high purity hydrogen. 

Survey of Types of Industrial Electrolyzers 

The Electrolyser Corporation 

The Electrolyser Corporation Ltd. , of Toronto, Canada, produces tank- 
type electrolyzers that use potassium hydroxide as the electrolyte. Tl>elr cell 
designs are known as Stuart cells and are sold in many parts of the world, 

A Stuart cell consists of a nickel -plated steel cell tank with positive and 
negative electrodes arranged alternatively and suspended from the pell cover. 
Electrodes in a single -cell tank are connected in parallel, and the cell tanks 
are connected in series to form a cell battery and to promote a higher overall 
voltage, consequently lowering rectification costs. This arrangement results 
in an operating voltage of approximately 2 volts dc, even in large cells. 

Electrodes used in these cells are made of high -conductivity, high-surface - 
area, sand-blasted steel; the anodes are nickel plated to prevent corrosion. 

As in most tank electrolyzers, each anode is surrounded by a woven asbestos 
cloth diaphragm that prevents the mixing of hydrogen and oxygen. It also 
channels the oxygen generated toward a storage chamber beneath the cell 
cover. Hydrogen formed at the cathodes rises between the diaphragm to the 
hydrogen compartment under the cover. It is not uncommon for these dia- 
phragms to last well over 20 years without replacement. 

According to A. K, Stuart, the unique and proprietary construction of 
the Stuart-cell electrodes provides a large surface for electrolysis In a mini- 
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mum of space. Because of the large active surfaces of the electrodes, Stuart 
says the cells are able to operate at a high total current with the surfaces 
eidiibiting low current densities. Details of electrode construction are not 
publicly available. 

The low cell-operating voltage and the physical separation of each cell 
tank simplifies electrical insulation within each cell and enables efficient 
sealing against loss of the electrolyte and gas product. The electrolyte is 
circulated independently within the cell by means of the lifting effect of the 
rising gas bubbles. This method requires no moving parts and avoids the 
hazards and complexity associated with external electrolyte pumping systems, 
A 10 to 15 year or more life span is customary before the electrolyte needs 
to be replaced. A 28% potassium hydroxide solution is the recommended 
electrolyte for the Stuart cell. 

Each of the Stuart cells is automatically supplied with feedwater through 
individual valves set to maintain correct electrolye levels and concentrations. 
A cooling -water header passes along the rear of the cell tank, supplying indi- 
vidual hydrogen and oxygen scrubbers at the cell' s gas outlets and a cooling 
jacket on the back of each cell. The water flow is adjusted to maintain opti- 
mum cell temperature; the effluent water is suitable for recycling. As is 
common with many tank electrolyzers, the Stuart cell operates at a rather 
low temperature, 158°F(70°C), emd low current density, which minimizes 
waste -he at production. Under these conditions, overall cell efficiency is 
higher at all levels of hydrogen output than it would be if the cell were 
operated at high current densities. 

The Stuart cell is rugged and simple to assemble and maintain, and the 
component parts are inexpensively fabricated. Hydrogen is produced at a 
99,9% purity. Because the Stuart cell is contained in a closed system (not 
exposed to the atmosphere), the problem of formation of potassium carbonate 
from combination with the carbon dioxide in the air is not experienced. 

The basic Stuart hydrogen plant is of modular construction in that an un- 
limited number of cells may be connected in series. Thus, hydrogen 
production capacity may be increased by simply adding more c ells. Plants 
consist of assemblies of cells, each 44 inches long and 49 inches high, ranging 
in width from 12 to 33 inches according to the number of electrodes and output 
capacity. Standard cells produce from 63.6 to 350 CF of hydrogen per hour 
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and weigh from 1665 to 5135 pounds. Standard production rates for these 
cells* per 1000 amperes of current, are 15.9 CF of hydrogen per hour »nd 
7.95 CF of oxygen per hour. The dc power consumption is 128 kWhr/lOOO 
CF of hydrogen. Maximum gas production pressure is slightly above atmos- 
pheric (10 inches, water column). 

Typical Stuart hydrogen plants produce hydrogen at the rate of tens qf thpu- 
sands of cubic feet per hour. The utility requirements of a typical Stuart 
electrolyzer plant are as follows; For 1000 CF of hydrogen and 500 CF of 
oxygen, electric power consumption (ac) is 133 to 145 kWhr; the demineralized 
feedwater required is 0,895 CFj and the cell cooling water required is 38.77 
CF. 

Some uses for hydrogen outputs in the tens of thousands of cubic feet per 
hour include the manufacture of semiconductor materials; that of hydrogen 
coolant at thermal and nuclear power stations; the synthesis of chemical in- 
termediates for long-chain polymer production; the hydrogenation of oils and 
fats in margarine, shortening, and soap production; the direct reduction jf 
metal oxides; the annealing of stainless and electrical steels; and that In 
float-glass manufacture, 

Electrolyser Corporation makes a smaller unit known as the Stuart 
Packaged Hydrogen Generator. The generator is a self-contained, factory- 
assembled unit capable of producing pure hydrogen in quantities of from 20 
to 1000 CF/hr. 

Some applications for these smaller units include hydrogen for labora- 
tories, the inflation of meteorological balloons, hydrogen and oxygen for cutting 
and welding, and the sintering of metal powders. 

According to Stuart, both cell improvements and total hydrogen plant develop- 
ment are necessary to improve Stuart-cell hydrogen production. An increase 
in cell operating temperatures {a 2-year goal), from the current 158*^ tfii 194°F» 
is expected to increase the overall thermal efficiency by lowering the operating 
voltage. Stuart’ s 2 to 3 year goals for electrolyzer development include an 
electric-power consumption of 22,9 to 24.6 kWhr/lb of hydrogen produced, 
an operating voltage of 1.9 to 2.04 volts,and a thermal efficiency of 77 %. 

Stuart feels tliat some exploration of advanced diaphragm materials, to 
handle tiie higher temperatures of operation, will be necessary. Present 
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asbestos diaphragms can possibly handle these temperatures, but the upper 
limits consistent with a satisfactory life span are not yet known. Life testing 
is now being performed. Continued development of electrodes has the 
potential of lowering cell overvoltage. 

Some scale-up of present cells is expected; however, overall plant develop- 
ment is necessary to provide the best economics. The economic conversion 
of shaft power to high dc current is considered by Stuart to provide the best 
opportunity for improved operation of his cells. Acyclic generators rated 
at 250,000 amperes (dc) would be connected directly to high -current cells. 
Acyclic generators would not require the switchgear or transformers needed 
with the more conventional ac-dc rectification equipment. The capital costs 
for conventional ac-dc conversion are approximately $40/k'W, whereas 
capital costs for an acyclic generator are expected to be about $10/kW. 

According to Stuart, no heat-transfer problem is expected when his cells 
operate from a 250,000-ampere dc source. Heat transfer associated with 
Shiart-cell scale-up has not posed any problem in a series of scale-ups. 

Stuart cells operate at a current density of 125 A/sq ft and have gone up to 
500 A/sq ft without evident heat difficulty.*^ 

Tele dyne Isotopes, Inc,^»®»** 

Teledyne Isotopes, of Baltimore, Md. , acquired the fuel-cell and elec- 
trolyzer R£D technology that had been developed by Allis-Chalmers Corp. 
up until 1967. Teledyne manufactures, or can build to suit a user's require- 
ments, three families of hydrogen producing electrolyzers; 1) generators 
that produce from 0. 177 to 0.353 CF/min, 2) systems that produce from 
0. 177 to 7,06 CF/min, and 3) plants that produce several tons/day. ^ Plants 
in categories 1 and 2 have been sold commercially, but plants in category 
3 have yet to be ordered and built. 

The current Teledyne Electra cell systems are of filter-press type and, 
in general, consist of modules made of multiple electrolysis cells connected 
in series, electrically, by common bipolar plates. The electrodes are 
separated by a matrix saturated with electrolyte. The matrix prevents mixing 
of the gases and provides a conductive path for the electrode current. As the 
hydrogen and oxygen are formed, they are kept apart; and the gases from each 
cell are ducted internally, through manifolds, to storage containers. 
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The electroly?.er uses a potassium hydroxide -water solution (25% by weight) 
electrolyte with advanced-design, porous nickel electrodes and operates at 
moderate temperatures, 100° to 200 ° F, The cell contains no preciousr 
metal catalysts. 

Various subsystems support the electrolysis module by recirculating and 
cooling the electrolyte, adding water, conditioning the product gases, and 
supplying electricity, 

small hydrogen generators that produce from 0. 177 to 0. 353 CF pf hydro- 
gen/min are used for such applications as producing carrier gases for gas 
chromatographs and fuel for flame -ionization instruments, primarily in the 
pollution-control and monitoring industry. These small generator units operate 
from a standard 110 volt (ac) power source and delivery hydrogen at from 
0 to 35 psig with a purity of better than 99,99%. 

A schematic diagram of the generator system is provided in Figure 3i4, 

The electrolyte is recirculated on the oxygen side of the module to supply 
each cell with water and to remove heat. The generation of oxygen gas in 
the cell provides a gas-lift effect for convective circulation, thereby elimina- 
ting the need for a pump. While auxiliaries are available to provide for con^. 
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Figure 3-4. SMALLEST TELEDYNE HYDROGEN GENERATOR’ 
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tinuous water replacement, ilie basic system operates on a batch-feedwater 
refill technique. In most cases, heat is removed at the electrolyte reservoir 
by natural convection to the ambient air, allowing the system to operate at 
less than 130^F. 


Larger quantities of hydrogen are produced with the Teledyne intermediate- 
size electrolysis systems, 'illhiere larger quantities of hydrogen are needed 
for industrial processing, such as in the production and sintering of metal 
powders of iron, nickel, cobalt, and molybdenum, for the bright annealing 
of stainless steels, or in electrical-utility use» Teledyne electrolysis units 
have been sized to provide from 0. 177 to 7,06 CF of hydrogen/min. Increased 
capacity and. optimum equipment utilization can be provided by using multiple 
units. 


This system differs from the smaller generator in that the electrolyte 
is recirculated on the oxygen side of the module by a centrifugal pump. This 
arrangement resupplies each cell with water, removes heat, and carries away 
generated oxygen. A tube-and-shell type heat exchanger is provided to trans- 
fer heat to a water cooling loop. Usual system operating temperatures are 
less than 185°F. Oxygen is separated from the electrolyte in the electrolyte 
reservoir, where the supply of water is also renewed. The separated oxygen 
flows through a condenser to remove excess moisture and then flows to a 
pres sure -control device to regulate and control the oxygen and electrolyte 
loop pressure. Hydrogen generated in the module is manifolded and is piped 
directly to a condenser for removed of most qi the water vapor and then to 
a molecular sieve dryer. 

These larger systems weigh from 1000 to 2000 pounds per cabinet and 
have dimensions of 33 x 74 x 64 inches. Facilities to supply 460-volt (ac), 
three-phase electricity, cooling water, feedwater, and a small amount of 
inert gas are the only other facilities required. This system requires a 
minimum of maintenance. The electrolyte is sampled once a month to de- 
termine its specific gravity. After the initial electrolyte change at the end 
of the first month of operation, the electrolyte is changed only semiannually. 
Semiannual changing of the electrolyte filter, water -flushing of the solenoid 
valves, and calibration of the pressure switches are recommended. 
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When quite large quantities, several tons per day, of hydrogen are required. 
Teledyne recommends a considerably different system of hydrogen production, 

A schematic diagram of this system is shown in Figure 3-B. In this system, 
the electrolyte circulates to both sides of the electrolysis module, which allows 
for more efficient heat removal and simplifies the pres sure -control function. 
The electrolyte Is recirculated by a single pump to both the hydrogen and 
oxygen cavities of the module. Each gas and electrolyte mixture is then re- 
turned to a different reservoir and separator where the gas and liquid phases 
are separated. The electrolyte is cooled in a heat exchanger and then mixed 
with electrolyte from the opposite portion of the system. Replacement water 
is continuously added at the mixing chamber. The gases are piped through 
condensers to remove excess moisture and then through a pres sure -control 
device and are finally delivered for use. With this system of ’’double flooding” 
the gas -collection chambers, there is a) no pressure differential across the 
diaphragm or pushing away of the electrodes, which may occur with a large 
enough pressure differential, b) no concentration gradient across the cell, 
and c) a more economical production of hydrogen because more hydrogen is 



Figure 3-5. LARGER-MODEL TELEDYNE 
HYDROGEN GENERATOR 7 
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being produced while the costs and requirements of auxiliary equipment re- 
main the same. Simple pres sure -control devices are incorporated in this 
cell system to allow an operation of up to approximately 100 psig. 

These systems can be controlled to provide constant gas -production rates 
and a specified level of gas purity. Multiple -system packages can be installed 
to supply virtually an unlimited quantity of hydrogen. Each system occupies 
approximately 260 cu ft of floor space and will generate hydrogen at an 
efficiency of 140 kWhr/lOOO SCF. 

Although none have been built. Mr. W. C. Kincaide of Teledyne states 
that the hydrogen plants producing 1 to 4 tons of hydrogen/day would operate 
at an electrical -conditioning efficiency of 95% and at an electrolysis efficiency 
of 82%. 

Future expectations for 2 to 5 -year developments include electrolyzer 
cells consuming 19-22 kWhr/lb at an operating voltage of between 1,6 and 
1.8 volts and an overall thermal efficiency of between 82 and 92% . Ultimate 
goals project the development of a cell that consumes 15 kWhr/lb of hydrogen 
and has an operating voltage of 1. 24 volts at a 118% thermal efficiency, which 
is almost congruous with the thermodynamic limit. 

Teledyne mentions certain goals yet to be attained. Increased operating 
efficiencies can be achieved by the use of noble-metal catalysts on the elec- 
trodes in the modules; but, in some cases, the additional increase in capital 
costs can more than offset any advantage gained. Teledyne is currently 
engaged in continuing the development of low-cost catalysts that would lower 
overvoltages. 

Teledyne states that improvements in cell operating-temperature capa- 
bility are expected within the next 2 years and should produce operating- 
efficiency improvements of 15%. Improvements in cell materials must also 
be developed to withstand the increased temperatures. It is expected that 
present asbestos diaphragms or gas separators will not be able to withstand 
increased temperatures of operation, and research is being undertaken to 
alleviate this problem. 

Teledyne revealed that it has had problems in obtaining good commer- 
cially manufactured parts for its electrolyzers. In many instances it has 
developed its own system parts to meet close tolerances and specifications. 
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All Teledyne systems currently operate at pressures higher than aml^lcnt. 
An insignificant power penalty (0, 431 kWhr/lb of hydrogen at 100 psla) is 
realized when compared with conventional compressors. Teledyne realizes 
the importance of the generation of hydrogen at high pressure to storing and 
transmitting large amounts of the gas. The operating pressures of present 
systems are limited by structural features. One specific question being 
reviewed by Teledyne is whether to design a cell stack to withstand pressure 
or to place a pressurized tank around an existing stack. Studies are being 
performed to determine the demand and cost effectiveness of high-pressufe 
systems in commercial applications. Teledyne is building, for the U,S, Navy, 
electrolytic gas generators that operate at pressures of up to 3000 pslg* 

Power penalties for generating gas directly at this pressure are leas than 
1. 197 kWhr/lb. 

Gener al Electric Company ^* 

General Electric Co. of Lynn, Mass,, has been developing a water-elec- 
trolysis system based on solid-polymer-electrolyte (SPE) fuel cell technology, 
SPE fuel cells were first used in space during the Gemini Program, In which 
they provided primary on-board power for seven of the spacecraft flights. 

According to staff at GE certain technological advances in the design of 
the SPE have resulted in a water-electrolysis unit of considerable simplicity 
in design and operation that can maintain stable and efficient use of relatively 
expensive electricity supplies. 


The SPE is a thin, solid, plastic sheet of perfluorinated sulfonic acid 
polymer, which has many of the physical characteristics of Teflon, Chemi- 
cally, the polymer approximates^o „ 


CF, 
, I ^ 
CF “ CF- 
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Unlike Teflon* however, when a thin sheet of this material is saturated with 
water, the polymer becomes an excellent ionic conductor, providing low elec- 
trical resistance. Used in an electrolysis cell, it is the only electrolyte re- 
jquired; there are no free acids or alkalis in the system. Ionic conductivity 
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is provided by the mobility of the hydrated hydrogen ions (H^ XHjO), which 
move through the sheet of electrolyte by passing from one sulfonic acid group 
to another. Because (he system is solid, the sulfonic acid groups are fixed, 
keeping the acid concentration within the electrolyte constant. 

An important feature of the SPE system is the simplicity of the electrodes. 
Because the electrolyte is a solid, the catalytic electrodes are not required 
either to retain or support the electrolyte, and can tiierefore be optimized 
for catalytic activity at minimum cost. Currently, a thin layer of high-cata- 
lytic-activity platinum black is attached to the SPE surface to form the hydro- 
gen electrode. A similar layer of a proprietary precious -metal-alloy catalyst 
forms the oxygen electrode. Additional metal current collectors are pressed 
against the catalytic layers. To date, the system has incorporated the use 
of niobium or titanium as the cur rent -collector and separator -sheet material. 
Figure 3-6 is a schematic diagram of the SPE electrolysis cell. 
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Figure 3-6. SCHEMATIC DIAGRAM OF AN SPE 
ELECTROLYSIS CELL‘> 

In this configuration, water is supplied to the oxygen -evolving electrode 
(the anode), where it is electro chemically decomposed to provide oxygen, hy- 
drogen ions, and electrons. The hydrogen ions move to the hydrogen- evolving 
electrode (the cathode) by migrating through the SPE. The electrons pass 
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through the external circuit and to the hydrogen electrode. At the hydrogen 
electrode, the hydrogen ions and electrons recombine electrochemically and 
produce hydrogen gas. An excess of water is usually supplied to the system 
and is recirculated to remove any waste heat. 

The gases produced by the SPE are generated, at any pressure* In the 
stoichiometric ratio of hydrogen to oxygen. The electrolyte sheet ca,n with- 
stand pressure differences of up to 1000 psi, as well as high generating 
pressures (up to 3000 psi), simply by back -pressuring the system. The 
high generating pressures may be useful in solving transmission and ^tor^ 
age problems. 

According to staff at GE,use of the SPE results in the following advantages'®#^ 

• The cell can operate with high differential pressures (>1000 psih) in 
addition to high gas-generating pressures. 

• The concentration of the electrolyte is fixed, and the electrolyte is not 
mobile, 

• There is no possibility of acid carry-over into the effluent gas. 

• There are no corrosive electrolytes to control or that can leak In the 
system, 

(• The electrolyte is essentially invariant in operation, 

• The acid-SPE electrolysis unit results in a minimum power requirement 
per unit of gas generated. 

• High-current-density capability can result in an optimum design for Ipw 
capital cost, as well as for low operating cost. 

Although most of the SPE development was done for the space program and 
for aircraft applications, GE now produces two smaller hydrogen generators 
for commercial applications. Applications for these generators include the 
production of hydrogen for gas chromatographs and for flame -ionization 
detectors. At present, 22 kWhr of power are absorbed per pound of hydrogen 
produced at an operating voltage of 2.00 volts and a thermal efficiency of 74%. 

The future of the GE cell seems to lie in operations at very high effi- 
ciencies, thus minimizing power costs and justifying the relatively high 
capital costs. Because these cells will also operate at higher current densi- 
ties, a greater hydro gen -production rate per unit cost will be achieved, GE' s 
objectives are to further improve the thermal efficiency of the SPE-rcell system 
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and to develop lower cost materials and manufacturing processes to achieve 
an overall cost for large-scale electrolytic hydrogen production of $2 to $3/ 
million Btu (based on 1974 costs), assuming electrical -power costs in the 
range of 5 to 10 mills/kWhr, 

W. At Titterington lists four specific elements to be included in a long- 
range development program: 1) electrolysis -module development, 2) system 
definition, 3) demonstration of a 5 -MW prototype, and 4) incorporation of 
advanced technology. 

SPE electrolysis -module technology is limited mainly by the cell operat- 
ing temperature and by the lack of suitable cell-component materials. The 
importance of cell operating temperature is reflected by the fact than an in- 
crease in temperature from 80° to 220 °F decreases power consumption 
by 10% with the same amount of hydrogen produced. At 300°F, if cell 
operating temperatures as high as this can be attained, the theoretical 
decomposition voltage of water decreases from 1. 18 volts (at 180° F) to 
1. 12 volts. However, at 300° F the cell -sealing techniques or gasket 
materials may be a problem because they cannot withstand high temperatures 
and wet environments. 

Experience has also been obtained at hydrogen gas generation pressures 
of up to 3000 psia. The resulting effect on performance is shown in Figure 
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To date, the SPE electrolysis systems have used niobium or titanlu,m 
as the collector and separator-sheet material, in spite of statements that the 
SPE is noncorrosive. Niobium is quite expensive, $40 to $ 50/lb; titanium, 
however, has a more desirable price, $8/lb. GE states that alternative 
materials, including molybdenum, zirconium, and various alloys of these 
materials, should be tested for compatibility in high -temperature SPE 
electrolysis cells. 

The SPE in the currrently manufactured cells is 12 mils thick. Con- 
siderable voltage reductions could be attained by halving this thickness. 
Representatives from GE have suggested that minor modifications in both 
the cell -fabrication technique and the hardware design would then be required. 
Further reduction in the thickness of the SPE could further lower the electri- 
cal resistances; therefore, more experiments e.re to be conducted along this 
line. It must also be remembered that as the SPE’ s thickness is decreased, 
its coat is also decreased. Alternative, lower cost SPE'a (at as low as $2/sq ft) 
are currently under development. 

Two other areas of research that may provide ecor.omic advantages for the 
SPE cell are decreases in the catalyst loadings on the electrodes and advance- 
ment of the catalytic electrodes. Progress in these areas could result in lower 
capital costs for the entire cell and in lower overvoltages at both the anode 
and the cathode. The present cathode catalyst is platinum black, with loadings 
of 4 mg/sq cm. A proprietary metal-alloy catalyst is applied to the anode, 
also at a loading of 4 mg/sq cm. Expectations of catalyst loadings as lov; as 
1 mg/sq cm on each electrode are not unreasonable. 

Liife Systems, Inc.^»^^ 

The static feedwater electrolysis system developed by Life Systems, Inc. , 
under NASA sponsorship, has potential applicability for terrestrial hydrogen 
production. Developed for the space program, the static water electrolysis 
system uses a) an alkaline electrolyte; b) a method whereby the electrolyte 
is retained in a thin, porous matrix, eliminating bulk electrolyte; and c) a 
static water feed mechanism (depending on distillation of water inside the 
cell) to prevent electrode and electrolyte contamination and to eliminate the 
need for very pure feedwater. 
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In the static water feed system, the water to be electrolyzed is supplied | 

to the cell electrolyte as a vapor. Each cell is divided into three main com- ? 

partments: a water-feed compartment, a hydrogen-gas compartment, and an | 

oxygen-gas compartment. Compartment separation and liquid-vapor phase sep- | 

aration are achieved by the capillary action provided by liquid -filled asbestos | 

sheets. Catalyzed porous-nickel plaques support the cell matrix, forming a ^ 

composite electrolysis site. Plastic screens similarly support the water feed j 

matrix. The cell configuration is given in schematic form in Figure 3-8, | 

and Figure 3-9 shows the principle of cell operation. The latter figure I 

represents a thermally Insulated box enclosing two bowls of electrolyte. When j 

power is applied to the electrodes, water in the cell electrolyte is consumed. > 

As a result, the concentration of the cell electrolyte increases, causing its i 

vapor pressure to drop below that of the feed-compartment electrolyte. This 
difference in vapor pressure is the driving force that causes the water vapor 
to diffuse across the hydrogen cavity to the cell matrix. 

Two major advantages to this cell system are apparent; 1) the product 
gases need not be separated from the feedwater or electrolyte, and 2) semipure 
water may be used because contaminants rarely lower the vapor pressure of 

the feedwater. The electrodes and electrolyte remain uncontaminated because i 

the water comes to the hydrogen electrode as pure vapor. The only factor 

limiting impurities is the eventual blockage of the feedwater -matrix pores. j 

The amount of water transferred is direrctly proportional to the difference | 

in water vapor pressures of the cell and feed electrolyte. | 

The cell design utilized in the static feed system includes a bipolar -plate, j 

filter-press construction with welded bus bars providing intercell current 

connection. The hydrogen electrode is placed directly on the cathodic current J 

collector. Current then flows from the cathode, through the matrix, and ■] 

to the oxygen electrode . An expanded nickel screen is placed on the back | 

of the anode, providing both a path for the current and a space for oxygen i 

evolution. A major portion of the cell’ s inefficiency in the electrolysis of 1 

water occurs at the anode, and this inefficiency results in waste heat that i 

must be removed. The cell coolant passages were placed directly over the 1 

bipolar plate opposite the oxygen cavity. If air cooling is desired, this j 

plate is extended out past the cell frame, forming external fins for con- J 

vection or forced air cooling.^ J 

i 

4 

^ ,| 
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Figure 3-8. LIFE SYSTEMS CELL CONFIGURATION^ 
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Figure 3-9. LIFE SYSTEMS CELL OPERA TION^ 
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Because Life System' s electrolysis designs were developed for the space 
program, expensive materials were utili 2 sed to provide reliability and efficiency. 
The system cell frames are injection-molded from flame -resistant plastic. 

All metallic parts are made from nickel alloy, which is then gold-plated. 

Both the feedwater matrix and the cell matrix are made of Life System' s re- 
constituted asbestos. Other cell materials include stainless-steel end plates 
and polypropylene screens used to provide structural support for the matrices. 

The electrolyte used is a 35% potassium hydroxide -water solution instead 
of the more electrically conductive 25% to 28% solution.^ At higher electrolyte 
concentrations and at higher temperatures, differences in the concentrations 
of the water feed and all the cell-matrix electrolyte result in greater water 
vapor partial -pres sure differences. Because this difference is the driving 
force for the amount of water transferred, this phenomenon is accelerated. 

The projected 1975 capabilities for Life Systems' s cells are — 

• Maximum pressure, 2000 psi 

• Maximum temperature, 300 ° F (for short periods) 

• Maximum current density, 1500 A/ sq ft 

• Power requirement, 129 kWhr/lOOO SCF of hydrogen at 1500 A/sq ft 

• Single -cell area, 0. 10 sq ft. 

At Life Systems, studies are under way on an alternative diaphragm 
material suitable for high -temperature (>200*^ F) electrolysis. Potassium 
titanate has shown some excellent high -temperature and long-life stability 
capabilities. Additional studies are also being conducted on the availability 
of alternative structural materials suitable for high -temperature applications 
and enabling cell operation with lower electrolysis power requirements. 
Advanced designs, using zirconia and yttria-thoria ceramics for solid electro- 
lytes, are being evaluated. These electrolytes conduct only at temperatures 
above about 1490 °F. Advanced catalyst development is also being performed 
to increase electrode performance and to lower costs. This work is being 
conducted in parallel with the high-temperature research in order to develop 
high-pressure, large-scale hydrogen generation.^ 
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LurgL GmbH 

Of the many electrolyzers produced in other countries, the Zdansky-Lonza 
electrolyzers, manufactured by Lurgi GmbH, Germany, are particularly 
noteworthy because these electrolyzers, working under a pressure of 30 at- 
mospheres, are very economical, compact, and reliable. The Liurgi 
electrolyzer is basically of the filter-press type. 

In ( ach cell of the electrolyzer, between two round, nickel-plated discs 

pressed in nickel-plated gaskets, are pressed-metal screen electrodes, 
pressed-asbestos diaphragms, and sealing and insulating gaskets. The gas 
manifolds are located within the cells and are formed of Teflon rings: The 

holes in these provide passages from the inner space of the cells to the gas 
channels. The cells are very narrow, making it possible to connect several 
hundred cells (up to 500 cells in the largest electrolyzer) in one single apparatus. 

Forced electrolyte circulation is used in the Lurgi electrolyzer. A 
pump forces cool electrolyte through an asbestos filter and into the lower 
manifold of the cell bundle. The electrolyte is cooled in the gas separators 
by means of coils built into storage drums through which the coolant and con- 
densate circulate. The condensate is pumped through a closed loop and is 
cooled in an adiabatic heat exchanger. The total volume of condensate in the 
cooling system of an electrolyzer consisting of 250 cells witli a capacity of 
10, 643 CF /hr of hydrogen i s 28. 25 CF , 

Hydrogen and oxygen are manifolded into separate collection chambers. 

A floating valve is installed in the oxygen gas separator to regulate the escape 
of oxygen and to maintain a constant electrolyte level in the gas separator. 
Desalinated feedwater is provided to the cells by means of a variable -ratio 
pump, the capacity of which is adjusted manually, depending on the electrolyzer 
load. 

If the level of the electrolyte in any of the gas-separator drums drops, the 
corresponding safety floating valve is opened; and the gas, the pressure of 
which was too high, is vented into the atmosphere. If the electrolyte level 
in one of the gas separators continues to drop, a magnetic relay shuts the 
electrolyzer down. 

Lurgi produces only one size of electrolyzer, circular in shape and about 
5 feet in diameter. Electrolyzer cells are assembled, at the factory, in blocks 
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of from 70 to 139 cells. These preassembled cell blocks can be Installed at 
the operation site. Each block is pressed together by end plates coupled 
with tie rods. The pressure exerted by the tie rods is so great that totally 
reliable sealing is obtained In all the cells. A typical electrolyzer unit has 
an output capacity of from 110 to 750 standard cubic meters (or 'UOO to 
28» 300 SCF) of hydrogen per hour. The delivery pressure is 30 kg/sq cm 
(or 440 psig). The electrolyte is Z5% KOH, and the specific power con- 
sumption is from 4, 3 to 4. 6 kWhr per standard cubic meter of hydrogen 
(or 116 to 124 kWhr/iOOO SCF of hydrogen). A typical plot of specific 
power consumption versus current for a cell with a diameter of 1.6-meter 
is shown in Figure 3-10. 


According to staff at Lurgi, improvements in performance can be expected 
if they can find a way to increase the operating temperature of the cell. They 
believe that the factor limiting the temperature increase is the asbestos dia- 
phragm. Researchers at Lurgi are also working on improved catalysts for 
the electrode structures, but information on these remains proprietary. 



Figure 3-10. OPERATING CHARACTERISTICS OF Ei£CTROLYZER 
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A typical L.urgi high-pressure electrolyzer is shown in Figure 3-11. 

Cominco, 

One of the largest hydrogen plants in the world is located in Trail, British 
Columbia, Canada. Although it has been shut down for over a year now be- 
cause of rising power costs, this plant represents the first North American 
attempt at large-scale hydrogen production. 

Individual cells are of Cominco patented design. The characteristic feature 
of this tank-type cell is a concrete top that supports the electrodes, asbestos 
diaphragms, asbestos collecting skirt, feedwater pipe s, bus bar, and gas- 
main connections. In this concrete cover also are the two gas chambers 
for hydrogen and oxygen and the narrow, inverted-trough-like collecting bins. 
The cell tank is made of iron, and the electrodes are made of mild steel 
plates. The anode is nickel-plated and has a current density of 67 A/sq ft.^® 

This hydrogen plant contains 3229 individual cells and has a total theo- 
retical hydrogen-producing capacity of 41 tons of hydrogen/day. The cells 
operate at about 2. 1 volts, the current efficiency is close to 100% at atmos- 
pheric operating pressure, ac -dc rectification is provided, and the overall ac 
power consumption is about 60,000 kWhr/ton of hydrogen.*® At a usual operat- 
ing temperature of 140 °F, some cells have life spans of over 20 years. 

De Nora, S. p. A. * 

De Nora, S.p.A., of Milan, Italy, manufactures large, industrial, elec- 
trochemical processing plants that include the electrolysis of water in their 
range of applications. Of the three large electrolysis installations built since 
1945, De Nora built the 1,059*300 CF/hr plant at Nangal, India. (The other 
two are a 2, 118,600 CF/hr plant in Raikon, Norway, with its own Zdansky- 
type electrolyzers, and a 1,412,400 CF/hr plant at Kima, Egypt, built by 
Demag of Germany.) All these units are of bipolar, filter-press construction. 

The standard De Nora electrolyzer* consists of rectangular cells 16.4 feet 
wide by 5. 25''feet high. These are stacked in series on either side of a cool- 
ing chamber and are surmounted by an electrolyte gas separation unit. Figure 
3-12 is a photograph of a typical cell stack. 

A unique feature of the De Nora design is the use of a double diaphragm. 
Two distinct layers of woven asbestos are used. These are in physical con- 
tact with each other, but the space between them is vented to the atmosphere. 
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During normal operation, the diaphragms are pressed against one another: but 
any penetration of gas bubbles results in the formation of a larger bubble 
between the diaphragms, which is then vented to the outside, and thus cannot 
intermix with the opposing gas. 

The electrodes are single-layer sheet metal,perforated to allow gas to exit, 
and have a proprietary electrolytic surface treatment that creates a large 
surface area. No precious-metal catalysts are used. The electrodes are of 
low-carbon steel, and the anode is nickel -plated. The electrolyte is 25% KOH. 

The Nangal plant consists of 60 units, each with 108 cells. Each cell 
stack is 16. 4 X 5. 25 X 49. 2 feet in size and consumes 12, 000 amperes at 
from 2. 2 to 2. 3 volts per cell (250 volts or 3 MW per unit). Thus, the 
entire plant consumes 180 MW (dc), 

De Nora's standard cell dizes are 2500, 4500 and 10,000 ampere capacity 
and operate at about 180 to 200/sq ft. The Nangal plant, built in 1960, had 
a guaranteed performance of 2. 1 volts per cell at 10,000 amperes. Any 
new plant delivered today would have a guaranteed performance of 1.85 volts 
at 12,000 amp3resf‘ made possible by better activation treatment of the 
electrode. A performance of 1.80 volts at 18,000 amperes (300 A/sq ft) 
might be made possible by dissolving a homogeneous catalyst in the electro- 
lyte, an approach that seems to be unique to De Nora. 

Comparative Evaluation of Various Electrolyzers 

Figure 3-13 is a comparison of the cell operating performances of various 
electrolyzers. These data are meant to give only a technological compari- 
son of cell types, not a comparison of tlie economics: but a cell comparison 
based on voltage -current relationships is meaningless unless cell cost is 
included. 

Ir : srestingly, data for some advanced cell types are shown near and below 
the 1.47-volt point at current densities as high as 50 A/sq ft. Under these 
conditions, the cell operates ’’thermoneutrally, " and the apparent thermal 
efficiency is 100%. This gives some reassurance that electrolyzer efficiencies 
approaching 100%. can be achieved in practical units. At present, however. 
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Figure 3-13, COMP AH ATI VE PERFORMANCE 
OF ELECTROLYZER SYSTEMS 


operation of the GE cell at current densities below lOOO A/sq ft will cause 
proportionate increases in the effective capital cost. 

Survey Electrolyzer Manufacturers 

Seven commercial manufacturers of fuel cells were contacted through either 
personal visits or correspondence. In addition, two chemical companies that 
manufacture and operate their own cells supplied limited information for the 
survey, as did one company that makes electrolyzers for space applications. 

(See Table 3-1), Manufacturers were asked to describe (their systems, to 
provide data on cell performance and efficiency, and to provide enough cost 
information to enable us to derive the cost of hydrogen produced as a function 
of the amount of electric pov/er supplied. It is noteworthy that a) manu- 
facturers of the larger installations of electrolyzers are located in Europe, 
not in North America, b) very few of the manufacturers produce cells capable 
of delivering hydrogen at pressure, and c) most of the manufacturers prefer 
(he stack or filter-press design to the tank type. 
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Table 3-1. MANUFACTURERS SURVEYED 


Name 


Elect rolys er Corp. 

Teledyne Isotopes* Inc. 

De Nora* S.p. A. 

Lurgi GmbH 

Construction John Brown, Ltd, 
B rown-Boveri 
General Electric Co. 

Norsk-Hydro 
Cominco, Ltd. 

Life Systems, Inc. 


Pressure, 

Location Type psig 


Canada 

Tank 

0.4 

U.S.A. 

Stack 

35-3000 

Italy 

Stack 

1 

W. Germany 

Stack 

440 

U.K. 

Stack 

440-3000 

Switzerland 

Stack 

0.4 

U.S.A. 

Stack 

2-3000 

Norway 

Tank 

1 

Canada 

Tank 

0. 1 

U.S.A. 

Stack 

600 


Status of Industrial Electrolytic Hydrogen Production 

Five large industrial electrolyzer plants (none in the United States) are 
currently producing hydrogen, for use in ammonia production, from hydro- 
electric power. In addition, many smaller units are located in almost every 
country in the world. These smaller units are used in applications in which 
high-purity hydrogen is required and in which operational manpower has to 
be kept to a minimum (See Table 3-2), Electrolytic hydrogen production 
is by no means the major way of producing hydrogen; but, on the other hand, 
it does represent a technology that is used to a significant extent in industry. 

Electrolytic processes are widely used in industry, for other than hydro- 
gen production; for example, most of the chlorine, caustic soda, and aluminum 
produced today are made by electrolytic processes* Process electrochemistry 
is thus a major arm of chemical technology. 

Hydrogen Production by the Electrolysis of Impure Wate r 

Electrolysis of Seawater 

Seawater contains about 3. 5% sodium chloride and smaller quantities of 
other dissolved salts. When a dilute sodium chloride solution is electrolyzed, 
various reactions are possible, including the following: 

HjO -» Hz + 1/2 Oz 


and 


2HzO + 2NaCl -* 2NaOH + Clj + Hz 
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Table 3-2. STATUS OF ELECTROLyTIC HYDROGEN PRODUCTION 


Large Units 


O' 

op 


Location 

Manafacturer 

Hydrogen Output, 
10^ CF/br 

Power 
Input, MW 

Year Bailt 

Rjakon, Norway 

Norsk- Hydro 

2.2 

250 

1965 

Kima» Egypt 

Demag (BBC) 

1.4(0. 5) 

170(60} 

1960(1972 

Nangal, India 

De Nora, S. p.A. 

1, 1 

125 

1958 

Trail, Ganada 

Cominco, Ltd. 

0.7 

90 

1939 

Cureo, Peru 

Lurgi GmbH 

0. 2 

25 

1958 


Smaller Units 

Many amts in service used for — 

Fats and soaps 
Metallurgy 
Semiconductors 
Float glass 
Generator cooling 
Cliemical feedstocks 
MeteorologiGal stations 
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In practice, both reactions occur together; and, while hydrogen is evolved 
at the cathode, a mixture of oxygen and chlorine is evolved at the anode. 

This presents severely corrosive conditions at the anode and makes the 
selection of anode materials very critical. Moreover, the chlorine evolved 
presents a severe disposal problem, unless means of utilizing the chlorine 
can be found. 

The conductivity of seawater is very low; and therefore, the resistance 
of the seawater electrolysis cell is too high for the process to be considered 
as a commercial means of hydrogen production. There are two potential ways 
of overcoming this problem. One is to concentrate the seawater into brine. 
The other is to arid a supporting electrolyte, such as sodium hydroxide. In 
the first case, the partial dehydration of seawater to concentrated sodium 
cldo ride will result in the almost->complete suppression of the first, oxygen- 
evolving reaction and in the complete domination of the second, chlorine - 
producing reaction. Indeed, this is the process used in industry to produce 
chlorine and caustic soda in large quantities. In a chlorine -producing cell, 
means must be provided for removing the sodium hydroxide produced and 
for replacing the sodium chloride. Although this type of cell does, in fact, 
produce large quantities of hydrogen, its use as a primarily hydro gen -pro- 
ducing cell is not feasible because of the large amounts of byproducts. If 
hydrogen is to be produced in the quantities that are of interest for large- 



scale chemical feedstocks and fuels, then the disposal of both the sodium 
hydroxide and the chlorine presents serious problems. 

The other alternative, the addition of sodium hydroxide as a supporting 
electrolyte, is only slightly more attractive. As the cell is operated, it 
produces its own sodium -hydroxide; therefore the concentration of this 
electrolyte will automatically increase to a point at which the sodium hydrox- 
ide itself must be dumped from the cell. If the concentration of sodium 
chloride can be kept low, the evolution of chlorine can be kept to a mini- 
mum and, in principle, the cell could be retained as a hydrogen-oxygen 
cell. However, because the cell is only expelling hydrogen and oxygen with 
an intermediate purging of sodium hydroxide and because it is constantly 



being fed a sodium chloride solution, the chloride -ion concentration in- 
evitably builds up in the cell. This ultimately results in an increase in 
chlorine evolution, resulting in the same problems as have previously been 
discussed. 
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We conclude that the electrolysis of seawater to produce hydrogen alone 
is not a practic.il proposition, and research tn this area does not appear to 
be justified. 

Electrolysis of Unprirified Water 


The electrolysis of water that contains only small levels of impurities 
results in the production of hydrogen and oxygen, but also in the continual 
accumulation of the impurities in the cell. This occurs because the cell is 
only able to produce hydrogen and oxygen; and if even the smallest amounts 
of impurities are present in the water fed to the cell, these impurities cannot 
escape from the cell and ultimately reach a high degree of concentration. The 
results of the accumulation of impurities include: 1) corrosion of th^ elec- 

trodes, 2) the onset of side reactions that give rise to undesirable byproducts, 
and 3) contamination of the ion- exchange membrane in the SPE-type cell. 
Inhibiting the accumulation of impurities by purging the electroly^p in the cell 
does not appear to be an attractive solution because of the cost of the cpntinual 
replenishment of the KOH electrolyte. Thus, there does not seexn to l»e a 
reasonable prospect for the economic electrolysis of impure water ^s long as 
water-purification costs remain reasonably low. 

Electrolyaer-Feedwater Quality Standards 


Most electrolyzer manufacturers stipulate feedwater quality in thexr spe- 
cifications. In general, feedwater must be purified to a level approximating 
that of boiler-feedwater quality or "distilled -water*' standards. Most elec- 
trolyzers have demineralizers in the feedwater stream that remove the last 
traces of dissolved salts. Thus the electrolyzer can be fed replacement water 
continuously for periods of up to 6 months. Lurgi specifies feedwater of an 
initial purity equivalent to that of heating -steam condensate, the feedwater 
then being passed through an active carbon filter and through a deminerall*# 
zation unit containing a mixed -bed ion exchanger that provides the wa^r with 
a minimum specific resistance of 1 megohm -centimeter. Usually, the purity 
of the feedwater is monitored by a conductivity meter installed in the system. 

Energy Required for Water Purification 


Upon first consideration, the requirements for a pure -water feeq may appear 
to be prohibitively expensive. However, the amount of water requlre4 to feed 
an electrolyzer is relatively small compared with the amount of hydrogen prp- 
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duced. For example, the electrolysis of 1000 gallons of water will produce 
166,000 SCF of hydrogen. Thus both the energy cost and the dollar cost of 
treating 1000 gallons of water should be debited from the selling price of the 
166, 000 SCF of hydrogen produced. The latent heat of vaporization (or the 
energy required for straight distillation) is 9«8 kcal/mole, while typical 
water desalting methods appear to use between 1 and 10 kcal/mole';’’^ This 
is to be compared with the typical electrical inputs 93 kcal/mole, to the 
commercial electrolyzer operating at 2 volts. Thus the energy required for 
water purification is 10% or less of the electrical energy required for the 
electrolysis itself. The energy required to desalt water is of a far lower 
grade than that needed to run an electrolysis plant, which of course has to 
be in the form of electricity. Relatively low grade heat, possibly available 
from the power station supplying the electricity, could be used to purify the 
electrolyzer feedwater. 

The cost of desalting seawater to irrigation standards was earlier estimated 
at approximately $0.80/1000 gal. The 1000 gallons would, in turn, produce 
166, 000 SCF of hydrogen; thus the ratio of the water desalting cost to the 
heating value of the hydrogen produced would be about 1. 4<^/milllon Btu. This 
is considerably less than 1% of the expected selling price of the hydrogen. 

It is likely that the full treatment of seawater to the 1 megohm -centimeter 
standard required by an electrolyzer will in fact costmore than $0.80/ 

1000 gal; but in any event, the overall cost of purifying the water is likely 
to be less than 2% or 3% of the anticipated overall cost of producing the hydro- 
gen. 

We conclude, then, that rather than embarking on a research program 
to solve the difticult problems of electrolyzing sewater or brackish water, 
it is better to suffer the small energy and cost penalties involved in purify- 
ing the water to acceptable standards. 


Recent technology indicated that a multiple -effect distillation sy stem has an 
energy requirement of 1 million Btu/lOOO gal, or approximately 1,2 kcal/g- 


mole. 
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Note that any process that converts water to hydrogen and oxygen is likely 
to require the same consideration of feedwater standards. Any process that 
splits water into hydrogen and oxygen will deposit feedwater impurities, thus 
contaminating the plant. It Is therefore anticipated that thermocheinlcal 
processes, as well as electrochemical processes, will require water -treatment 
plants and therein incur a similar expense. 
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4. COST OF ELECTROLYTIC HYDROGEN - K. G. Darrow, Jr. 


The basis for the costs contained in this section is information supplied 
by three major vendors of electrolysis systems. We contacted several such 
companies by mail and/or in person and requested technical and economic 
data regarding capital costs, operating parameters, scale-up factors, and 
polarization curves. The General Electric Co. , Lurgi Apparate-Technlk 
of Germany, and Tele dyne Isotopes each supplied us with enough Information 
to allow for an estimate of overall capital and operating costs. 

Factors Considered in Overall Hydrogen-Cost Calculations 

With the data provided by the manufacturers, we were able to calculate 
the cost of electrolytic hydrogen production as a function of electric power. 
Such curves for electrolysis systems have appeared in much of the recent 
literature concerning hydrogen, but there has been no uniform base for 
determining these costs. Different financial assumptions can lead to very 
different figures for the cost of hydrogen, even wher utilizing the same 
equipment. Some vendors include more equipment within their quoted 
costs than do others. At the same time, certain systems need more auxiliary 
equipment than do others. Although the information received from the ven4ors 
was not complete in all cases, we have attempted the analysis of a standardr 
sized plant producing 10 million SCF/day of hydrogen. Respecting the 
proprietary nature of the information provided and market position 
of the respondents, we have elected to somewhat limit the degree of detail 
presented in this section. 

To provide a clear idea of all that is involved in building a large ^spalo 
electrolysis plant, the equipment and auxiliary facilities of a typical alkaline- 
electrolyte, "filter-press" design system are given below. The ma^op equip- 
ment components of such a system are — 


i 

! 


i 

} 

’■ ! 


• Electrolyzer modules 

• Gas separators 

• Gas cooling system 

• Electrolyte cooling system 

• Feedwater supply system 

• Electrolyte preparation and storage tank 

• Nitrogen tank and purge system, 
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Also required, and generally Included by the vendor as part of the equip- 
ment cost, are — 

• Pumps and pump motors 

• Instrumentation and control facilities 
0 Maintenance equipment 

• Valves and piping. 

If any p.f these items are not included as part of the quoted equipment costs, 
they must be added to the overall plant costs. 

In addition to the cost of plant equipment, the costs of the following 
items and services must be added to the investment to derive the cost of 
a complete facility; 

• An electrical plant consisting of ac-to-dc rectification and transformers 

• Packing, shipping, and installation of the equipment 

• Additional electrical equipment and its installation, (e.g., busbars, 
switches, cables) 

• A building, foundation, and other support structures, including lighting 
and painting 

• Facilities for services such as water treatment, water distribution, air 
compression, communications, and fire protection 

• Engineering and supervision during construction and start-up 

• Contractors 

• Land, site preparation and yard improvements, and administrative 
facilities . 

Finally, compression, transmission, and storage costs, which are de- 
veloped separately in this report, must be included. This section, however, 
is devoted solely to production costs. 

To indicate the magnitude of the additional costs that must be added to the 
equipment costs, we have developed factors for these other items based on 
percentages of equipment costs reasonable lor chemical processes in general 
and for specific electrolytic plants. Table 4-1 presents two cost work-ups — 
one for a pressurised alkaline cell that represents a composite of Lurgi and 
Teledyne information for currently available equipment and the other for the 
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Table 4^1, CAPITAL COSTS FOR ELECTROLYSIS PLANTS 


Alkaline Pressure 


Projected GE 


1 

1 H 

Equipment Costs 

Electrolyzer 

$/kW(out)* 

I960 Commercial 
$/kW(out) 

— 

1- ^ 

r 

Electrolyzer and Auxiliary 

255 

S4 


1 ® 

Po we r C onditiOning 
( $45/fcW ac in) 

60 

57 

1 

t "w 

Total 

315 

141 


& 

1 o O' 

Installed Plant Cost 




1, > 
i 

Equipment X 1,5 

472 /kW (out) 

212/kW (out) 


1' 

1; 

Lt. 

iv. 

$/kW (out) =■ dollars per kilowatt of product hydrogen. 

converted on the basis of 



higher heating value; i. e.— 


Capital Cost 

SCF/hr X 325 Btu/SGF 3413 Btu/kWhr 


The fact that the GE cell will operate at about 10 times the current density of the 
alkaline cell explains its relatively low cost (on an equivalent output basis), in 
spite of the fact that the GE cell actually uses more expensive materials than the 
alka:line cell. 
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reported GE Solid-Polymer Electrolyte (SPE) system that is to be developed 
by 1977 and commercialized by 1980. The percentages quoted for GE installa- 
tions are higher (that is, the auxiliary-equipment costs for the GE system 
are a greater percentage of the total capital cost) because GE' s cells are 
expected to be cheaper (on a unit-output basis) than currently available cells, 
but the costs of their auxiliary equipment will be about the same as for 
present-day cells. 

The accuracy of this kind of cost projection is on the order of plus or 
minus 30%. However, the information on overall costs for large-scale water 
electrolysis systems is scanty, at best. Although such systems have been 
built, typically they are few in number; were built as many as, or more 
than, 20 years ago; and were built in nonindustrial areas, and cost break- 
downs were never published. 


Table 4-2 summarizes the system operating characteristics reported by 
the three responding companies. Where information was lacking, we were 
forced to make assumptions, often based on information supplied by other 
vendors. Because the cost of electric power is the most important operating 
cost, we ^ave assigned fixed values to all other operating costs and have 
computed the hydrogen costs parametrically as a function of electrical costs. 
Other operating costs are shown below in order of their importance: 

1. Maintenance, 2% of total investment 

2. Cooling-tower water, 15^/1000 gal 

3. Direct labor (2 persons per shift), 8.4 person -years at $6.00/hr 

4. Overhead, 50% of direct labor 


I 

i I 







i 

I 

1 

I 

1 

? 

1 



5. Demineralized feedwater, 1 megohm-cm minimum resistance, 

$1.90/1000 gal. j 

In addition to these operating costs, capital charges representing deprecia- | 

tion, income taxes, interest on debt, return on equity, and ad valorem taxes 
and insurance must be taken into account. We adopted a straightforward 
financing method in an attempt to represent an average utility situation. The 
parameters we used are as follows: 

• 60:40 debt- to -equity ratio 

• 4% interest on debt I 







Table 4-2. OPERATING CHARACTERISTICS OF THREE ELECTROLYZERS 


Teledyne 


Size of System Compared, 

MW equivalent of hydrogen 


39. 9 


Million SCF of Hydrogen/ Stream Day 


DC Electric Input (Max. ), kW 


58,400 


Specific Cell Efficiency 


68% -70% 


AC-DC Converter Efficiency 


Auxiliar y-Sy stem Bfficiene y 


Overall Efficiency 


58. 7-60.4 


Operating Pressure 


100 psig 


Cooling Water, gal/ hr 


Feedwater, gal/lOQO SCF 


6. 36 


Nitrogen per Start-up 


Caustic -Potash Initial Charge, lbs 


Labor, men/ shift 


Mode of Operation 


Fully automatic 


Note: NA = not available. 


Lurgi 


53.3 


13.44 


69,000 


74.7 


440 psia 


184, 940 


6. 36 


74, 640 SCF 


344,000 


FuUy automatic 


pwwussi JvSie'ai 

If V Wi La— V',« i lar* U ia*— 




*rojecte< 


51.6 


13.0 


65,300 


82.2 


78. 9 


Pressure vessel designee 
for operating pressures 
np to*3000 psig 


Closed cycle, dry coolii^ 
tower 


6. 36 


None 


Fully automatic 
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• 15%, after tax, return on equity 

• 48% income-tax rate with no investment tax credits 
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• 20 years' sum of year' s digits depreciation on total plant investment, 

for taxes, and 20 years' straight-line depreciation, for cost account- 
ing. (Note that all three vendors specified a 20-year life,) 

The weighted average cost of capital for this capital structure is 11,4%. 

The annual fixed-charge rate that would exactly yield this return for the 
Overall firm was computed to be 18,6%, the sum of a capital-recovery factor 
of 12.8%, an income-tax factor of 3,8%, and an allowance of 2% for ad valorem 
taxes and insurance. 

We then developed a unit hydrogen cost that satisfies the minimum reve- 
nue requirements of the firm — i.e,, it covers all operating costs and 
yields a return on investment equivalent to the cost of capital. Figures 4-1 
and 4-2 show hydrogen costs (as a function of electricity rates) for systems 
functioning at a 90% plant-operaibion factor — 10% of the total possible 
operating time having been set aside from the otherwise continuously run 
system to allow for downtime for scheduled maintenance. (Note that Figure 
4-1 is based on present-day cells while Figure 4-2 is a projection based on 
the expected 1980 technology.) 

Optimization of Operating Characteristic s 

It should be pointed out that the operating characteristics of a given electro- 
lyzer can be "tuned" to provide hydrogen at the minimxim cost possible under 
a given set of economic conditions. This is one reason for some vendors' 
reluctance to make generalized cost statements. 



The hydrogen output of a given electrolyzer varies directly with the cur- 
rent applied to the cell (based on the relationship of 15.6 SCF of hydrogen/ 

1000 A-hr). However, as the current density on the electrodes is increased, 
efficiency decreases. Hence, as current density is increased, unit capital 
costs decrease and electric power requirements increase. At some current 
density, hydrogen costs will be minimized. 

The point of minimum cost is determine by describing capital costs and 
efficiency as functii/ns of current density and by then substituting these functions 
into the overall cost equation. The partial, derivative Of the cost equation 
with respect to current density is then used to find the point of minimum cost. 




Figure 4-i. HYDROGEN COSTS VS. ELECTRICITY RATES 
FOR PRESENT-DAY CELLS 
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Figure 4-2. HYDROGEN COSTS VS, ELECTRICITY RATES FOR 

GE ELECTROLYZER 
(1980 Projection) 
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Plant life, however. Is also a function of current density:. In our analysis, 
plant life was assumed constant, with the added constraint that current density 
not exceed the manufacturer* s recommended maximum valuer 

Any conclusions drawn from an inspection of Figure 4-1 and 4-2 are true 
only for the Situation deecrihed by our technical and economic assumptions. 
Any other assumptions could conceivably change the relative positions of these 
curves. 

It should be noted that comparatively large industrial units are, today, 
available for purchase from some manufacturuers while others represented 
in this figure are, at present, unable to meet large industrial orders. Thus, 
in some caSes this figure compares current selling prices with projected 
prices. 
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5. THE MAI^UFACTURE OF HYDROGEN FROM COAL - C. L. Tsaros, 

J, AfoJa, anci K. B, EurnKam ——————— 

As part o£ the HASA-Langley Research Center project being conducted by 
IGT» process flow diagrams for the conversion of coal to high^purity hydro- 
gen were prepared and are herein presented. The process flow diagrams » 
energy balance 8 f and efficiencies reported herein are preliminary, and the 
reader is referred to the HASA-LiRC report ' for finalized information^ Plant 
capacities that would yield total product heating values of 250 bilhon Btu/day 
were established/ Because of small variations in product heating value, ‘pro- 
duction rates range from 698 to 767 million SGF/day, This capacity is typical 
for the standard methane- or pipeline-gas-from-coal plant and is considered 
to be beyond the point at which economy of scale is significant. It also meets 
the supply required by a major airport for aircraft fueling. 

Processes were selected purposely to represent different technologies. 
Process designs have been made in suffiv' ent detail to allow determination 
of overall plant efficiencies on a comparable basis , In addition, capital and 
operating costs for pne of the processes were estimated for comparison with 
the costs of methane and kerosene produced from coal, as estimated in other 
phases of the project. The processes selected are — 

• The Hoppers -Totzek Process — a commercially available process based 
on the suspension gasification of pulverized coal by steam and oxygen at 
essentially atmospheric pressure under slagging conditions in e:]ccess of 
3000*^F. Since the first commereial installation of the Hoppers -Totzek 
Process in Oulu, Finland, in 1952, 20 plants have been ordered that use 
a total of 52 Hoppers -Totzek gasifiers. Four of these plants were ordered 
after 197Q. The most common use of the product gas has been for ammo- 
nia synthesis. A hydrogen-production facility would utilize the same gasi- 
fying principles as an ammonia plant, but would require different down- 
stream process operations, which are described in this report. A com- 
plete list of the 20 commercial installations, none of which is in the United 
States, is presented in Table 5-1. 


* Tsaros, C. L. , Arora, J. and Burnham, K. B. , "Study of Conversion 
of Coal to Hydrogen, Methane, and Liquid Fuels > " IGT Project 8963 , 
Contract NAS 1-13620, Chicago, 197 5. 
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Table 5-1. COMMERCIAL PLANTS FOR GASIFICATION OF ALL 
KINOS OF FUELS BY THE KOPPERS-TOTZEK PROCESS 


H^ant 

■ Fi»ri 

Nunihur uf 
tisj+Uivr 

. .gnUrt,- 

f^ip jelly U".irl»MV McmaxlfU* 

tide uf 

ifvntheata On a 

of 

Order, 

African Esploslvoa Ch«nic«l 

IntlOEirlpa Ltd* , Johanaesburg^ 
Moddorfontoio PUni» South Africa 

Coal dust 

6 

^.JSQ.ggU 

VU.Od^.tiOo 

jtimonla 

pynthosia 

1972 

Amonlac o P6 r tugu&s 5. Af L. . 
LtaboHj Eoiarroja Plant 
Portogai 

Heavy, gasoline . 
plant extmddblo 
to lignite** and 
antHraclto*fdupt 
gasificaiion 

> 

169.000 

6. 300/000 

Ammonia 

ayhthosls 

1956 

Afiot Sa^yil'T. Ar.S^ , An1<ara, 
KUti^a Works 1 Turkey 

Lignttd.duat 

4 

77^,000 

28.850,000 

AmmehUt 

aynthesis 

1966 

Charbcanaflco de France i Paris* 
Maatngarbe Works iP. d* Cv ) 
France 

Coal dust, 
eoko-oven gas, 
tail e«s 

1 

75,000- 

150,000 

2.T9O.O0O- 
5, 580.000 

Methanol and 
ammonia 
aynthesis 

1949 

Chemical FertUisor Company 
Lldt i Thailand^ 

Synthelic Fertiliser Plant at 
Mao Mbh* Lampang » Thailand 

Lignite dust 

i 

2)7,000 

8,070.000 

AmmonUi 

syrilheais 

1963 

Chemtoanlagcn Enppri-Import 
C^bHr Berlin fQe CenMOia. 

ChemlcatUagen dnd Apparatebau 
Karl-Marx-Stadt VFB Zoita Worko 

Vacuum roolduo 

and/or fuel oil.- 

l 

360.000 

)3>4QU/OOP 

Raw gaa ko pro- 
duce hydrogen for 
hydrdgendtl'on . 

196,6 

^presa. Naclonal 'Xalvo Sotelo” 
de Combust iblcs Liquldoa y 
Lubrieantes* 5. A** Madrid, 
Nitrogen iVorkB. in Puentes do 
Garcia Rddrlgues. Coriiiidi Spoin 

Lignite dust 


242,000 

9,000,000 

Ammonia 

syntheala 

1954 

Empresa Naclonal '’Caivo Sotelo” 
do. Combustibles Liquid os y 
Lubricantos* S. A... Madrid. 
.Nitrogen Works in. Puentes do 
Catoia Rodrigues. Corutfa. Spain 

Lignite dust or 
naphtha 

1 

175,000 

6.SU0.000 

Ammonia 

sytithesis 

19M 

Kobe: Steel Ltd. . Kobe Japan for 
Industrial O^elopment Corp.. 
'Zdmbiai at i^fue Near Lusaka 
Zambia. Africa 

Coal dust 

i 

214.320 

7.V80.0DO 

Ammonia 

synthesis 

1967 

Nihon Suiyo Kogyo Kaisha* Ltd.. 
Tokyoj ^apan 

Coal dust 


2)0. OP? 

7, 820. 000 

Ammonia 

ayntheBio 

1954 

Nitrogenous Fertilisers Industry 
S. Am Athens. 

NArogenouo Fertilisers Plant 
Ptoiemais. Greece 

Lignite dust 

1 

16S.D00 

150.000 

Ammonia . 
aynthrslo 

1969 

Nitrogenous FettillKdrs Industry 
:Si Am Athens. 

Nitrogenous Fertilisers Plant . 
Ptoitdnals. Greece:; 

Lignite dust 

i 

242.000 

u.qov.ooo 

Ammonia. 

synihrfis 

1970 

S.A. Union. Chlmlque Beigci 
Brussels, Zandvoprdo Works 
Belgldm 

BunkcrrC oil,, 
plant convertible 
for cpal-dusi 
gasification 

i 

1.76,000 

6,550,000 

Ammonia 

synthesis 

1955 

The Fertiliser. Corporation of 
India LtdM New Deihl, 

Korba Plants India 

Cool dust 

4 

(One as 
stondbyl 

2.000,000 

74. 450^000 

Ammonia 

synthesis 

1972 

The FertlUacr Corporal ion of 
India Ltd.i New Delhi. 
Ramagundom Plant* India 

Coal diist 

4 

(One as 
Standby) 

2,000.000 

, ■•*,450.0011 

Ammonia 

synthesis 

1969 

The Fertiliser Corporation. of. 
India Ltd.. New Delhi. 
Taicher Plant, India . 

Coal dust 

4 

(One as 
. standby) 

2.000,000 

, 1.450.000 

Ammonia 

.synthesis 

1970 

The General GrganlEatian fdr 
Excutlng the Five Year Induatrial 
Plan. Cairo. Nitrogen Works of 
Sociftd cl Nasr d'E^grals et 
diptduatrles G Atiaka.. 

Suesj, United Arabian Rcpubllque 

Refinery off-gas. 
LPG. and light 
naphtha 

J 

778,000 

2K, 950,000 

Ammonia 

synthcsla 

1963 

The Government 9 1 Ihe Kingdom of 
Greece. The Ministry of Coordi- 
nation. Athens; Nitrogenous Fer- 
tiHacrs Plant.. Ptnlomols. tJreccf 

Lignlle-duat. 
bunUer-C oil 

4 

4i2‘>.6ofl 

2 V, 4 50*001: 

AmnT.inia 

synthesis 

1959 

::yppl Oy 
Otilu, Klnlnhd 

Thai riiist . nil , 
and prat 


140.000 

';.21t1.00« 

Amnumin 

Hyiilht:SiH 

199U 


1 >al duftt. nil 
ntid |Wi»t 


l-UMioo 

.'m.:I 0.000 

Amn)itui» 

rtyutlivMlii 

I'M,', 
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• The U -GAS™ Process •*- currently undergoing process development on 
a fluidised'bed gasifier The operating pressure is substantially above 
atmospheric, 300 psig being typical. Gasification oecurs in the presence 
of steam and oxygen, but under nonslagging conditions at 1900^ F. The 
U-GAS Process is primarily intended to produce a low-Btu fuel gas. A 
4>foot>diameter gasifying reactor is now in operation. The project is 
jointly funded by the Energy Hesearch and Development Admihistration 
and J^e American Gas Association as part of the IGT HYGAS program. 

• The Steam-Iron Process a modern, continuous version of the old 
batch method of generating hydrogen. To make a woducer gas# coal is 
gasified by steam: and air in a fluidized bed at 19O0^F. This gas is used 
to regenerate iron oxide, which, in the reduced state, decomposes steam 
in a separate vessel to provide the hydrogen. The iron oxide is circu- 
lated between the oxidizer (hydrogen-generation vessel) and the reductOr. 
Because the hydrogen is not derived from the producer gas, the nitrogen 
introduced in the use of air does not contaminate the product. The new 
process is designed to operate at a pressure of 350 psi, which allows for 
smaller reactors than does the old, atmospheric-pressure batch process. 
This modern system is being developed at IGT to supply hydrogen for the 
HYGAS Process. Construction of a continuous steam-iron pilot plant 
has begun. 

The above processes produce hydrogen ranging in purity from 93% to 96%, 
the impurities being nitrogen and methane (produced in the gasifier). Because 
of variations in the methane/nitrogen proportions, there are small variations 
in heating value. 

250 Billion Btu of Hydrogen per Day From Montana Subbituminous 
Coal by the fioppers-Toigek Process ^ “ — — — — 

The Koppers-Totzek Process involves the partial oxidation of pulverized 
coal in suspension with oxygen and steam. (This design is based oh the gasi- 
fication of Montana subbituminous coal.) The conversion of coal to. hydrogen 
is a complex process that requires many operations. These may be grouped 
under three major headings t 

1. Coal storage and preparation 

2. Coal gasification for production of synthesis gas 

3. Upgrading of the raw synthesis gas to produce hydrogen. 

Figure 5-1 is a flow diagram of the processing steps required for this plant. 
Coal Storage and Preparation 

The hydrogen plant is assumed to be located neer a co^l mine that will 
provide coal for at least 25 years. Raw coal is brought, by truck, from the 
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mine to a storage area where a 60-day supply of coal (broken to l-l/2-inch 
X 0 size — i.e., very small to 1-1/2 -inch-diameter pieces) is accumulated. 
The plant requires a cotttinuous flow of 25^012 tons of raw coal (22% moisture) 
per day from the niine. Provision is made to store the coal in such a way that 
it is uniformly distributed in the storage pile; and the reclaimed coal fed to the 
gasifiers approaches a uniform composition, even though the run composition 
of the coal varies. About 24.4% of the feed coal is used as boiler and dryer 
fuel. 

In combination grinder-dryer mills, coal is dried to 2% moisture and is 
pulverized so that 70% of the mass passes through 200 mesh (74 -micron open- 
ing). The pulverized coal is conveyed to the storage bins before being fed to 
the gasifiers. 

Coal Gasification for Production of Synthesis Gas 

Figure 5-2 is a sketch of the Koppers-l'otzek gasifier. The pulverized 
coal is continuously discharged into a mixing nozzle in which it is entrained 
in oxygen and low-pressure steam. Moderate temperature and high burner 
velocity prevent reaction of the coal with the oxygen until entry into the gasi- 
fication zone. The quantities of coal, steam, and oxygen required for the 
gasifier are shown in Table 5-2. 

Table 5-2. KOPPERS-TOTZEK GASIFIER FEED QUANTITIES 
(For a 250 X 10’ Btu/ Day Hydrogen Plant That Uses 
Montana Subbituminous Coal) 

Amount 

Coal, Ib/hr (dry basis) 1,229, 590 

Steam, Ib/hr 270, 164 

Oxygen, tons/day (98% pure) 12,092 

The oxygen, steam, and coal react at a pressure slightly above atmos- 
pheric and at 3300°F in a refractory -lined, horizontal cylindrical vessel with 
conical ends. The fixed carbon and volatile matter in the coal are gasified 
to produce raw synthesis gas and molten slag at 2730°F, About 50% of the 
molten slag drops into a water -filled quench pot, thus forming a 200°F slag- 
water slurry. This slurry is cooled to 125°F and is sent to a slag-settling 
pond. The water is recycled to the slag quench pot. The composition of the 
raw gas from the gasifier is shown in Table 5-3. 
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Table 5-3. COMPOSITION OF THE RAW GAS FROM A 
KOPPERS-TOTZEK GASIFIER 
(Pressure, 6.2psig; Temperature, 2730°F) 

Actual Dry Basis 

— mole fo ^ 


Carbon Monoxide 

51.3 

58.3 

Carbon Dioxide 

8.8 

10.0 

Hydrogen 

26.8 

30.4 

Water Vapor 

12.0 

--■ 

Methane 

-- 

— 

Nitrogen and Argon 
Hydrogen Sulfide and 

0.9 

1.0 

Carbonyl Sulfide 

0.2 

0.3 

Total 

100.0 

100.0 


Upgrading oi the Raw Gas to Produce Hydrogen 

The synthesis gas leaving the gasifier is cooled to 2100®F by direct quench 
ing with water, which also helps to solidify the entrained slag droplets. The 
quenched gas is cooled to 180°F in the waste -heat recovery boiler where a sig- 
nificant portion of the 1200-psig, 900°F, superheated steam for driving the 
turbines is generated. The cooled gas is washed with water in a venturi scrub- 
ber to reduce entrained solids to a concentration of between 0,002 and 
0.005 grains/SGF. TTie gas is cleaned further, in electrostatic precipitators, 
before it is compressed to 700 psig. The slag and fine particles removed in 
the venturi scrubber are disposed of. 

In order to upgrade the gas to the desired hydrogen product, the dust-free 
compressed gas undergoes hydrogen sulfide removal, carbon monoxide shift, 
carbon dioxide removal, methanation and drying, and final compression. To 
increase the hydrogen yield, the carbon monoxide and water in the gas are con^ 
verted to carbon dioxide and hydrogen by the well-known carbon monoxide shift 
reaction perform ^d with a shift catalyst; 

CO + H2O i* CQz + Hg 
catalyst 

Commercial catalysts for reactions in two temperature ranges (from 350° 
to 50G°F and from 600° to 950°F) are available. The use of a low-temperature 
shift catalyst requires much less steam than does use of a high-temperature 
shift system because of the more favorable equilibrium and greater catalyst 
activity with the former. The lower steam requirement increases the plant 
thermal efficiency and reduces the boiler cost. However, the low-temperatvire 
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shift catalyst cannot be used with gases that contain sulfur. Because the 
acid gases (hydrogen sulfide and carbon dioxide) must be removed at some 
stage of the process, it is desirable to remove the hydrogen sulfide prior 
to, and the carbon dioxide after, the carbon monoxide shift. 

In this design, the carbon monoxide concentration is shifted from 59% in 
the feed to 3% in the effluent. This is less expensive than shifting to an even 
lower- carbon monoxide level and still results in a 93% hydrogen product gas. 

A total of 53, 938 moles of carbon monoxide/hr are shifted in four seven-stage 
reactors, with a steam-to-dry gas ratio of 0. 3 for each stage. The total 
gas flow is divided into four parallel trains to minimize the pressure drop 
through the seven stages* Quench water and steam are added between the 
stages to cool the previous stage effluent to 370®F and to bring the steam-to-dry 
gas ratio to 0. 3. A total of 44, 826 moles of steam/hr and 45, 104 moles of 
quench water/hr is required* 

Prior to the carbon monoxide shift, hydrogen sulfide is removed in the first 
stage of a two-stage Rectisol system, which has been successfully demonstrated 
in commercial operations (e. g. , in the Sasol plant of the South African Coal, 

Oil, and Gas Corp. ). The sulfur compounds are removed completely by wash- 
ing the gas with methanol that has been charged with carbon dipxide at 115°F 
and 700 psig. The higher operating pressure of the Rectisol system favors the 
physical absorption of acid gas by methanol. The regeneration of this sol- 
vent yields a 25. 5% hydrogen sulfide- rich gas that yields 86. 1 long tons of 
sulfur/day in the sulfur- recovery plant, with 250 ppm of sulfur remaining in 
the gas vented to the atmosphere. 

After the carbon monoxide shift, and before going to the second-stage of 
the Rectisol system for carbon dioxide removal, the effluent is cooled to 
115*^F by waste-heat recovery and water cooling. The carbon dioxide-rich 
stream is vented to the atmosphere because it contains less than 5 ppm sulfur. 

To achieve a pipeline-gas standard of a maximum of 0. 1% carbon monoxide,*^ 
the effluent from the second stage of the Rectisol system, which contain 4. 8% 
carbon monoxide, is methanated. A single-stage, recycle -quench methanation 


Because the pipeline gas, which contains toxic carbon monoxide, will 
eventually be delivered to individual residences, the maximum carbon 
monoxide level must be this low. 
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system with a feed temperature of 550°F and an effluent temperature of 900°F 
is used. The methanation effluent is cooled to l26°F, with a portion of the gas 
being used as the recycle quench stream. The product gas is dried in a stan- 
dard glycol drying unit to 7 lb of wa ter/ million SCF of gas. 

The dried gas is compressed to 1000 psig in a single-stage, prodUct-gas 
compressor and is sent to the pipeline. Because the heating value of hydrogen 
is approximately one-third that of methane, per SCF of gas, the volume of the 
hydrogen product gas is approximately three times that of SNG for a compara- 
ble 250 X 10^ Btu/day plant, or 698 million SCF of hydrogen/ day. Table 5-4 
shows the composition of the hydrogen product gas. 

Table 5-4, COMPOSITION OF THE GAS PRODUCED BY 
KOPPERS-TOTZEK GASIFICATION 

(For a 250 X 10’ Btu/Day Hydrogen Plant, Operating at 140°F and 1000 psig. 

That Uses Montana Subbituminous Coal) 

Amount, 

. . 


Carbon Monoxide 

0.1 

Carbon Dioxide* 

• 

Hydrogen 

93. 1 

Methane 

5.5 

Nitrogen and Argon 

1.3 


Total 100.0 

* 50 ppm 

Table 5-5 shows the process thermal efficiency. Approximately 56.8% 
of the higher heating value of the feed coal is converted to higher heating value 
in the product gas, and 0.2% of the feed coal is product sulfur. The other major 
heat losses are shown in Table 5-6, The remaining 3,3% loss is attributable 
to waste -heat recovery, the venting of carbon dioxide to the atmosphere, 
reactor ash, etc. 

In summary, production of 250 X 10^ Btu of hydrogen/ day from Montana 
subbitiiminous coal, using a Hoppers -Totzek gasifier operating at 6 to 7 psig 
and at 2700° to 3300*^F, requires 25,012 tons of 22% -moisture coal per day, 
thus converting 56,8% of the HHV of the coal to HHV in the product hydrogen. 
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Table 5-5. KOPPERS-TOTZEK PROCESS EFFICIENCY 
(For a 250 X 10’ Btu/Day Hydrogen Plant That Uses 
Montana Subbituminous Coal) 


Amount 


Reactor Coal, Ib/hr (dry basis) 
Boiler Coal, Ib/hr (djry basis) 
Total Coal, Ib/hr (dry basis) 


1, 229, 590 
396, 218 


1, 625, 808 


HHV* of the Total Coal, 10^ Btii/hr 


(at 11,290 Btu/lb) 

HHV of the Product Gas, 10^ Btu/hr 
% Converted to Product Gas 
% Converted to Sulfur 

Total % Converted to Products 


18, 355 
10,429 
56.8 
0 . 2 


57. 0 


’High heating value. 


Table 5-6. HEAT- LOSS SUMMARY FOR THE 
KOPPERS-TOTZEK PROCESS 


Amounts, 
10^ Btu/hr 


% of HHV of 
Total Coal 


Air-Cooling Units 
Rejected by Cooling Water 
Boiler losses 
Coal Drying 

Total 


58.3 
6113. 2 
591. 7 
529. 1 


0. 3 
33. 3 
3.2 
2.9 


7292. 3 


39.7 


Description of a 250 Billion Btu/Day Plant Producing Hydrogen Fropi 
Montana Subbituminous Coal by the U-Ga5 Process ' " 


The U-GAS Process utilizes single-stage, fluidized-bed gasifiers. The 
major advantages of this type of operation include— 

• High reaction rates because of good gas -solids contact 

• A uniform and easily controlled bed temperature 


A high concentration of carbon in the fluid bed, thus ensuring reducing 
conditions^ giving good product gas; and ensuring that sulfur is converted 
to hydrogen sulfide, which is readily fenaOved 


An ash- removal system that is uniqUe because it allows for the recycling 
and subsequent gasification of fines and for removal of only low-carbon 
ash. This system results in high carbon conversion and, hence, is highly 
efficient. 
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Our process designs for hydrogen production are based on the use of 
Montana subbituminous coal» which is noncaking and thus needs no pretreat- 
ment* Coal (22% moisture) is received from the nearby mine at the rate of 
21,443 tons/day. For the coal-drying system, 16, ?60 tons of process coal 
(22% moisture) per day are required, and the boiler requires 4148 tons of coal 
(22% moisture) per day. (See Figure 5-3, ) 

Coal is simultaneously crushed to l/4-inch x 0 size and dried to a moisture 
content of 10% before being conveyed to the reactor feed system. Lock hoppers 
have been chosen for this feed system because they have been commercially 
proved in systems operating at this reactor pressure (335 psig). Coal is 
dropped from a feed bin into an open lock hopper. After being isolated by the 
lock hopper valves, the lock hopper is pressurized (with nitrogen from a 
recycle nitrogen compressor) to the reactor pressure. The lock hopper dis- 
charge valve is then opened; and the contents of the lock hopper flow, by 
gravity, into a continuous reactor feed bin. The pressure in the lock hopper 
is then released to a surge drum upstream of the recycle compressor, and 
the cycle begins again. 

Generation of Synthesis Gas 


Li 

0 

0 

0 


i 


0 


a 


U 


This plant requires two gasifiers, each with an inside diarneter of 31 feet 
and a 68- 1/2- foot straight shell. These two units consume 8631 tons of 98% 
oxygen per day, combined with 375, 776 lb of steam/hr. The steam and oxy- 
gen serve as a fluidizing-gasifying medium for the 14, 525 ton/day gasifier 
coal feed. Table 5-7 shows the gasifier feed quantities and the steam required 
for the carbon monoxide shift. 

Table 5-7. U-GAS GASIFIER FEED QUANTITIES 
(For a 250 X 10’ Btu/Day Plant That Uses Montana SubbitiMninGus Coal) 


Coal, Ib/hr (dry basis) 
Steam, Ib/hr 
Oxygen, tons/day 
Steam for the Shift, Ib/hr 


Amount 

I, 089, 399 
375, 776 
8,631 
790, 758 


U 


The coal is gasified in a single-stage fluidized bed at 1900*^F and 335 psig. 
Reactor residence time is 80 minutes, and the fluidizing velocity is 1. 5 ft/s. 
Because the coal is injected below the surface of the fludidized bed, methane 
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formation is minimized; and, because of the high temperature, devolatilization 
products are decomposed. The gasifier is unique in its method of ash removal 
and fines handling. (Sej Figure 5-4. ) Simultaneous with the gasification of the 
coal, the ash is agglomerated into larger, heavier particles that eventually fall 
out of the bed. 

The ash agglomerates fall into a water-filled quench pot, thus forming a 
slurry that is cooled and then depressurized across a valve before being chan- 
neled to one of two slurry- settling ponds. The water is recycled to the slurry 
quench pot. The ash is reclaimed from the unused pond and is disposed of in 
the mining area. 

The raw gasifier product is cooled from 1900° to 300°F in a waste-heat 
recovery boiler that generates about 90% of the required process steam (the 
remaining orocess steam required being generated in the carbon monoxide- 
shift waste-heat recovery unit). 

Small dust particles (less than 5 microns in diameter) carried over from 
the cyclones are removed in a jet venturi scrubber that has a high removal 
efficiency for particles of from 1 to 2 microns in size. This completely 
removes particulate matter from the gas before it is compressed. 

The Manufacture of Hydrogen From Synthesis Gas 

Table 5-8 shows the composition of raw synthesis gas and product gas. 

To increase the hydrogen yield, the carbon monoxide and water in the gas are 
converted to carbon dioxide and hydrogen by the well-known shift reaction 
(CO + Hjp COj + Hj) performed in a catalytic reactor. Commercial cata- 
lysts for reactions in two temperature ranges (from 350° to 500°F and from 
600° to 950°F) are available. The use of a low- temperature shift catalyst 
requires much less steam than does use of a high-temperature shift system 
because of the more favorable equilibrium with the former* In this case, 

45, 275 Ib-mol of carbon monoxide/hr are being shifted. The low- temperature 
shift system saves either 1. 2 mLillion or 2 niilllon lb of shift steam/hr, depend- 
ing on whether the system uss^ a comparison is a) an all-high-temperature 
shift catalyst with no water quench between stages or b) a combination high 
tendperature-low temperature shift catalyst with a water quench between each 
stage. Also, because the low- temperature shift system decreases steam 
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usage« the cost of the boiler is less; and, more importantly, the plant is more 
efficient by from 3% to 7%, again depending on the type of high-temperature 
shift system used as a comparison. 


The low-temperature shift catalyst cannot be used with a gas that contains 
sulfur. Because the acid-gases (hydrogen sulfide and'carbon dioxide) must be 
removed at some stage of the process, it is desirable in our design to remove 
the hydrogen sulfide prior to, the carbon dioxide after, the carbon monoxide 
shift. 

Table 5-8. U-GAS KYDROGEN-FROM-COAL PLANT 
(Based on the Use of Montana Subbituminous Coal) 


Gasifier Raw-Gas Product-Gas 
Composition Composition 

mol % (dry basis) 


Carbon Monoxide 

50. 1 

0. 1 

Carbon Dioxide* 

11.5 

... 

Hydrogen 

35.3 

94.3 

Methane 

2. 1 

4. S 

Nitrogen and Argon 

0. 7 

0. 8 

Hydrogen Sulfide 

Q. 3 


Total 

IQO. p 

100.0 

*50. 0 ppm 




Prior to hydrogen sulfide removal, the gas is compressed to 700 psig. 

This facilitates acid- gas removal because a physical absorption system has 
been chosen for the plant, and higher partial pressures are favorable for 
absorption. The unit selected for acid- gas removal is a two- stage Rectisol 
plant that is similar to units that have been successful in commercial opera- 
tions. The hydrogen sulfide absorption system produces hydrogen sulfide- rich 
gas that yields 76. 1 long tons of molten sulfur per day in the sulfur- recovery 
unit, with 250 ppm of sulfur reznaining in the gas vented to the atmosphere. 


After shifting, the carbon dioxide is removed in the second stage of the 
Rectisol unit. This carbon dioxide-rich stream is vented to the atmosphere. 
(The sulfor content is claimed to be less than 5 ppm. ) A methanation unit is 
used to reduce the carbon monoxide content of the product gas from 1. 5% to 
0, 1%. This is more economical than using the shift reaction to convert all of 
the carbon monoxide. The unit is a single-stage, adiabatic reactor similar tP 
those used in ammonia plants in removing carbon oxides. Water is removed 
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from the gas exiting the methanator by a standard glycol drying unit. The 
dried gas is compressed to 1000 psig by the product-gas compressor and is 
sent to the pipeline. 

In terms of volumes of gas handled, this plant is larger than the standard- 
sized 250 billion Btu/day SNG plant. This plant produces 70S million SCF of 
hydrogen/day, whereas an SNG plant produces only about 250 million SCF of 
hydrogen/day. 

The plant capital investment has been estimated in terms of nnid-1974 
costs, and the hydrogen cost has been calculated by the discounted cash flow 
(DCF) method used in the Final Report of the Supply- Technical Advisory Task 
Force, Synthetic Gas -Coal prepared for the Supply- Technical Advisory 
Committee for the National Gas Survey by the Federal Power Commission. 
The capital cost breakdown is shown in Table 5-9° 


Table 5-9° CAPITAL-COST BREAKDOWN 
(Mid- 1974 Basis) 


$ 10 ^ 

Process Units 151. 1 

Utilities and Offsites 158.4 

Installed- Plant Cost (Excluding 
Contingency) 309* 5 

Contingency at 15^o 46 . 4 

Total Bare Cost 355. 9 

Contractors ' Overhead and Profit at 15% 53.4 

Total Plant Investment 409. 3 

Return on Investment During Construction 92. 1 

Start-Up Costs 20. 5 

Working Capital 17. 9 

Total Capital Required 539. 8 


The largest costs are for the hydrogen sulfide and carbon dioxide removal 
unit and for the oxygen plant. These two plants together comprise 44% of the 
installed- plant cost. Based on a 16% DCF rate of return with coal costing 
$0. 30/ million Btu, the cost of the product hydrogen is $2. 17/million Btu. 
Figure 5-5 Shows the calctdated price of hydrogen as a function of the price 
of coal. 
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The process-efficiency calculation is shown in Table 5-10. About 66« 2% 
of the high heating value (HHV) in the coal is converted to HHV in the product 
gas. Waste-heat recovery units* which reduce the amotmt of heat lost to the 
cooling media* have been used to the maximum extent practicable. The total 
HHV of the coal used in this process is 15, 736 million Btu/hr, of which 1972 
million Btu/hr (12. 5%) is recovered by waste-heat recovery units. The prod- 
uct gas has a total HHV of 10, 425 million Btu/hr (66. 2% of the total HHV of 
the coal). Other major heat losses are shown in Table 5-11. 

Table 5-10. U-GAS PROCESS EFFICIENCY 


Amount 

Reactor Coal, Ib/hr (dry basis, 11, 290 Btu/lb) 1, 089, 399 

Boiler Coal and Dryer Fuel, Ib/hr 
(dry basis) 304, 363 

Total Coal, Ib/hr (dry basis) 1, 393, 762 

HHV of the Coal Used, 10^ Btu/hr 15, 736 

HHV of the Product Gas, 10^ Btu/hr 10,425 

% Converted to Product Gas 66. 2 


Table 5-11. SOURCES OF HEAT LOSS IN THE U-CAS PROCESS 


Heat Loss, % of Total 

10^ Btu/hr HHV of Coal 


Air-Cooling Units 898. 8 5. 7 

Rejected by Cooling Tower 3050. 9 19. 4 

Boiler Losses 456. 6 2. 9 


The remaining losses are each less than 2% of the total HHV of the coal 
consumed and are attributable to such things as the venting of carbon dioxide 
to the atmosphere, the coal dryer, the combustion- gas vent, by-product sul- 
fur, and reactor ash. 

In conclusion, the U-GAS Process, which involves operation of a single- 
stage, fluidized-bed gasifier at 335 psig and 1900°F , will produce hydrogen 
from Montana subbituminous coal in an environmentally acceptable manner. 

The efficiency of conversion of the total coal HHV to product gas HHV is 66. 2% . 
The plant capacity is 250 billion Btu of product gas (94. 3% hydrogen) per day 
and the total capital investment is $528 million. 
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250 Billion Btu of Hydrogen per Day From Montana Subbituminous Coal 
by the Steam-Iron Process 

In this procesSf the crushed and dried coal is reacted with steam and air 
to make producer gaSf which is used to reduce the oxidized iron from the steam> 
iron reactor. Hydrogen is derived from water according to the reactions 
discussed in a later portion of this report section. The advantages of this 
process include 

• Production of high-purity hydrogen 

• No need for an oxygen plant t^ecause air is used directly 

• No need for a carbon monoxide shift 

• Production of a large amount of by-product electric power. 

Any type of coal from bituminous to lignite can be gasified in this process. 
For the caking coals, pretreatment with air at 700° to 800°F is required to 
reduce the agglomerating tendency. For this design, Montana subbituminoUs 
coal was gasified, so no pretreatment was necessary. The steps required in 
the conversion of coal to hydrogen by this process are shown in Figure 5-6. 
These steps may be grouped under the following major headings: 

• Coal storage and preparation 

• Functions of the produccr-gas generator and steam-iron reactor 

• Upgrading of the oxidizer effluent to the desired hydrogen product 

• Power generation from reductor off-gas using a combined power cycle. 

Coal Storage and Preparation 

The hydrogen plant is assumed to be located near a coal mine that will 
provide coal for at least 25 years. Raw coal is brought, by truck, from the 
mine to a storage area where a 60 -day supply is maintained. The plant 
requires a continuous flow of 31, 583 tons of the raw coal (22% moisture) per 
day from the mine. About 3. 2% of the feed coal is used as dryer fuel. 

The plant feed is ground so that 80% of the mass is below No. 10 U.S. 

Sieve Series size (2. 00-millimeter opening) and is dried to a moisture con- 
tent of 5. 77% in combination grinder-dryer mills. A lock-hopper feed system, 
which has been used successfully at 300 to 400 psig in commercial Lurgi 
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plants, is used to feed coal to the producer-gas generator. Coal is fed to a 
lock hopper from a storage bin. After the lock hopper valves are closed, the 
vessel is pressurized with an inert gas (plant stack gas) to the reactor pres- 
sure level. The lock-hopper discharge valve is then opened; and the contents 
of the lock hopper flow, by gravity, into a continuous producer-gas generator 
feed bin. The lock hopper is then depressurized, and the cycle Is repeated. 
The inert gas is recovered, recompressed, and recycled. 

Producer-Gas Generator and Steam-Iron Reactor 

The steam-iron gasification system is shown in Figure 5-7. The ground 
and dried coal is continuously discharged to the fluidized-bed producer-gas 
generator, which is operated at 1950°F and 355 psig. A high percentage of 
the carbon is gasified in the producer-gas generator. The following gasifica^ 
tion reactions take place in the producer: 

C + HP CO + - Heat 

G + 1/2 O2+ 2N2 -♦ CO+ 2N2 + Heat 
(air) 


Small quantities of carbon dioxide, methane, and hydrogen sulfide are also 
formed. 


The quantities of coal, steam* and air required for the producer- gas 
generator are shown in Table 5-12. Table 5-13 shows the composition of the 
raw producer gas. The residue from the producer-gas generator is cooled 
to 200°F in a water- filled quench tank. The residue- water slurry is further 
cooled to 125°F, is depressurized, and is sent to a slurry- settling pond. 

The water is recycled to the quench pot, and the residue in the pond is dis- 
posed of. 

Table 5-12. STEAM-IRON GASIFICATION FEED QUANTITIES 
(For a 250 Billion Btu/Day Hydrogen Plant That Uses 
Montana SubbituminoUs Coal) 


ProdUcer-Gas Generator 
Steam-Iron Reactor 

Total 


Coal 

(Dry Basis) Steam 

— — Ib/hr — ■ 

2, 004, 079 265, 442 

-- 4 , 333, 767 

2, 004, 079 4, 599» 209 


Air 


6, 143, 215 
149, 572 

6, 292, 787 
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Table 5-13. STEAM-IRON PRODUCER GAS COMPOSITION 
(For a 250 X 10’ Btu/Day Hydrogen Plant, Operating at 1950”F 
and 355 psig. That Uses Montana Subbituminous Coal) 


Carbon Monoxide 
Carbon Dioxide 
Hydrogen 
Water Vapor 
Methane 

Hydrogen Sulfide 
Nitrogen 

Total 


mole % 

27.4 
3.9 
14.3 
4. 3 
0.4 
0 . 1 
49.6 

100. 0 
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The steam-iron reactor consists of an oxidizer and a reductor. A stream 
of iron oxide is cyclically reduced with producer gas in the reductor and is 
reoxidized by decomposition of steam, the hydrogen- forming reactoT, in the 
oxidizer. The following reactions take place in the steam- iron reactor: 


Reductor 


Oxidizer 


Fe^O^ + CO 3FeO + CO 2 
Fea 04 + Hg -* 3FeO + HjO 

3FeO + HgO -♦ Fe 304 + H 2 




ii 


i 
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j 
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In addition to producer gas, the steam-iron reactor requires additional 
amounts of steam and air; the quantities of which are shown in Table 5-12* 

Two effluent streams, one from the oxidizer and one from the reductor, are 
available for further processing* The compositions of both streams are shown 
in Table 5-14. 

The oxidizer effluent contains primarily hydrogen and steam and is thus 
upgraded to the desired hydrogen product, whereas the reductor off-gas (spent 
producer gas) is used for power generation. 



I 
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Table 5-14. STEAM-IRON REACTOR RAW-GAS COMPOSITIONS 
(For a 250 Billion Btu/Day Hydrogen Plant That Uses 
Montana Subbituminous Coal) 

Reductor Off Gas Oxidizer Effluent 

(at 1520°F and 350 psig) (at 1565°F and 350 psig) 



Actual 


Actual 

Dry 

Carbon Monoxide 

8. 8 

10.4 

0. 5 

1.4 

Carbon Dioxide 

20. 7 

24. 7 

0. 1 

0. 2 

Hydrogen 

6.2 

7.4 

37. 1 

95.9 

Water Vapor 

16. 0 

-- 

61.3 

— 

Methane 

0.4 

0. 5 

- - 

— 

Nitrogen and Argon 

47. 8 

56.9 

1.0 

2. 5 

Hydrogen Sulfide and 
Carbonyl Sulfide 

0. 1 

0. 1 



Total 

100. 0 

100.0 

100.0 

100. 0 


Oxidizer -Effluent Upgrading 

The oxidizer effluent contains very small quantities of carbon monoxide 
and carbon dioxide, but no hydrogen sulfide. This eliminates the need for a 
carbon monoxide shift and acid- gas removal, so only methanation is required 
to upg^sdo the gas to the desired hydrogen product. Because a temperature 
of 550°F is desirable for the methanation-reactor feed, the effluent is cooled 
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to 500^F in a waste-heat boiler; and thusly generates about 50% of the steam 
required for the steam-iron reactor. Before methanation, dust particles are 
removed by cyclone separators and electrostatic precipitators. The gas 
passes through a zinc oxide bed as a precautionary step against methanation- 
catalyst poisoning byany sulfur compound ihat may have been carried from 
the reductor to the oxidizer by the iron oxide. 

The amounts of carbon monoxide and carbon dioxide methanated are such 
that the final hydrogen product contains a maximum of 0. 1% of both carbon 
monoxide and carbon dioxide. The methanation reactor is a single-stage adia- 
batic reactor. The effluent (at 615°F) is used in waste-heat recovery, is 
cooled to 100°F, is dried in a glycol dryer to 7 pounds of water per million 
SCF of gas, is compressed to 1000 psig in a product-gas compressor, and is 
sent to pipeline. The composition of the product gas is given in Table 5- 15. 
The product- gas rate is 768 million SCF/day. 

Table 5-15. STEAM-IRON GASIFICATION PRODUCT GAS COMPOSITION 
(For a 250 Billion Btu/Day Hydrogen Plant, Operating at 140°F 
and 1000 psig, That Uses Montana Subbituminous Coal) 

Amotint, 
mol % 


Carbon Monoxide 0. 1 

Carbon Dioxide 0. 1 

Hydrogen 95.7 

Methane 1.5 

Nitrogen and Argon 2. 6 


Total 100.0 


Power Generation From Redactor Off-Gas 
Using a Combined POw‘er Cycle 

To extract maximum power, the system incorporates the use of a gas 
turbine, an expander, compressors, and a steam turbine. The amount of 
hydrogen sulfide in the reductor off-gas is so low that the pounds of sulfur 
dioxide per million Btu of total coal to the plant is below the specified limit. 
Thus, no sulfur- removal system is specified. After the removal of dust by 
cyclone separators and electrostatic precipitators, the effluent is expanded 
to 125 psig and ll65°F, recovering power to drive the producer air compres- 
sor. The expanded gas is burned with air, in a combustor, at 125 psig and 
240G°F. The effluent from the combustor is expanded, in a gas turbine, to 

105 

INSTITUT E OF GAS TECHNOLOGY 


L... I. 


■ 


8/75 


8962 


2G psig apd l690°F. A portion of the expansion power is used to drive com- 
bustor and producer air compressors that are on the same shaft. The remain- 
ing power is converted, in a generator, to 69 O MW of electric power. The 
current maximum temperature range is approximately from 180G** to 2GG0®F, 
but gas turbines with an inlet tempe rature of 2400®F are expected to be avail- 
able by the time this process is commercialized. 

The expanded gas is used in a steam-power cycle to generate 372 MW of 
electric power from 1200-psig, 900®F steam (generated in a waste-heat boiler) 
and to generate a portion of the process steam required for the oxidizer. The 
cooled combustor gas leaves the waste-heat boiler at 35G°F. A total of 
IG 62 MW of power is generated, in addition to shaft power used for air com- 
pression. Of this amount, 95 MW is used with? .1 the plant for motor drives, 
etc, , leaving 967 MW of power as a by-product. 

Table 5-16 shows the thermal efficiency of this process. Approximately 
44. 6% of the higher heating value of the feed coal is converted to higher heat- 
ing value in the product gas, and 14. 1% becomes by-product power (taken at 
the value of 3413 Btu/kWhr). The other major heat losses are shown in 
Table 5-17. 

Table 5-16. STEAM-IRON-GASIFICATION PROCESS EFFICIENCY 
(For a 25G Billion Btu/Day Hydrogen Plant That Uses 
Montana Subbituminous Coal) 


Reactor Coal, Ib/hr (dry basis) 

Boiler and Dryer Coal, Ib/hr (dry basis) 

Total Coal, Ib/hr (dry basis) 

HHV of the Total Coal, 10^ Btu/hr (at 11, 290 Btu/lb) 
HHV of the Product Gas, 10^ Btu/hr 
% Converted to Product Gas 
By-Product Power, kW 

By-Product Power, 10^ Btu/hr (at 3413 Btu/kWhr) 

% Converted to By-Product Power 
Total Products, IG® Btu/hr 
Total % Converted to Products 


Amount 

2, 0G4, 079 
66, 347 


23,375 
10, 425 
44 » 6 

967 , 000 

3, 300 
14. 1 
13, 725 
58. 7 
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Table S-17. MEAT -LOSS SUMMARY FOR THE STEAM-IROM PROCESS 
(For a 250 Billion Btu/Oay Hydrogen Plant That Usee 
Montana Subbituminous Coal) 


Air-Cooling Units 
Rejected by Cooling Water 
Cooled CombuBtor 0£f-Gas 
With Producer Char 
Dryer Off-Gas 

Total 


Amount^ 
10^ Btu/hr 


1798.9 
3051. 3 
2474. 6 
1204, 2 
536.6 


9065. 6 


% of HHV of 
Total Coal 

7.7 

13.1 

10.6 

5.2 

2.3 

38. 9 


The remaining 2. 4% loss is attributable to waste-heat recovery and sensible 
heat losses associated with various plant streams. 

In summary, a 250 billion Btu/day hydrogen plant that uses Montana sub- 
bituminous coal and the steam-iron gasification process requires 31,853 tons 
of raw coal (22% moisture) per day. Of the HMV of the coal, 44,. 6% is converted 
to HHV in the hydrogen product, and 14. 1% becomes by-product power. 
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6. HYDROGEN PRODUCTION BY THERMOCHEMICAL, METHODS - 
J. C. Sharer and Pang'borti 

I ntroduction 

During recent years, an interest has been generated in thermochemical 
hydrogen production methods, Thermochemical hydrogen production 

is a means of splitting water into its elenients, hydrogen and oxygen, via a 
series of chemical reactions. All chemical intermediates are recycled in- 
ternally within the process so that water is the only raw material and hydro- 
gen and oxygen are the products. This process must be driven by an external 
heat source, which could be a high-temperature, gas-cooled, nuclear reactor 
(HTGR) or a solar furnace. The maximum temperature requirements for 
heat for moat proposed cycles lie within a temperature range of 650° to 
1100°C, thus eliminating many of the lower temperature heat sources as 
potential energy donors. 

The objective of ,u sing a closed-loop series of chemical reactions is 
established in order to utilize heat directly as the form of energy for hydro- 
gen production and to use only water as a raw material. This approach 
differs from the major commercial practice of hydrogen production — i.e. , 
steam reforming of natural gas — because a carbon source is not expended 
and carbon dioxide is not a coproduct. It also differs greatly from the less 
common commercial practice of producing hydrogen via electrolysis, where 
the majority of the energy requirements are supplied in the form of work 
(electricity). Because of practical limitations in the efficiency of converting 
heat from a primary energy source (e, g. , HTGR or solar furnace) to work 
(electricity), it may be advantageous to utilize the heat directly at, hopefully, 
higher overall efficiencies. It should, however, be noted that water splitting 
processes, whether electrolytic or thermochemical, are limited by the 
second law of thermodynamics to the extent that heat is converted to the 
“free*' chemical energy of hydrogen. This will be shown in more detail later 
in this section. 

The general scheme of thermochemical hydrogen productio.: is depicted 
in Figure 6-1, which includes a 2 -step example — the cycle postulated by 
Emil Collett and patented in Great Britain in 1924 (probably the first thermo - 
chemical cycle for water splitting),® 
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Water may be chemically decomposed in a single-step reaction. This, 
however, requires a very high temperature thermal source because tempera- 
tures in excess of 2500° C are essential for reasonable reaction yields. 

Process heat sources are not available at these temperature levels, and 
the materials requirements for containment and high-temperature gas sepa- 
rations make techniques impractical for large-scale hydrogen production. 

Theoretically, a series of two or more chemical reactions can be devised 
to react water with intermediates, liberate hydrogen and oxygen at differ- 
ent reaction sites, and regenerate all of the consumed intermediates. These 
(ideal) reactions would be selected so that they could be driven thermally 
and would not require work. In other words, the free -energy change for 
each reaction would be equal to or less than zero, and no work would be 
required for separation of the reaction products. The reaction cycle would 
be composed of only entropy (heat) requirements. If such a case existed, 
heat could be used directly, and it would be possible, with the proper choice 
of reactions, to produce a cycle with very high overall energy efficiency. 

As will be discussed later, an ideal thermochemical cycle requiring no work 
does not exist, and there are other considerations that must be examined 
to determine if a proposed cycle is feasible and practical. 

Although thermochemical processes for the production of hydrogen are not 
in commercial practice today, considerable research is under way at research 
centers around the world to develop the chemical and engineering technology 
for thermochemical hydrogen production. Appendix B of this report describes 
the programs of 23 research groups that deal with thermochemical hydrogen. 
This information was compiled from the published literature and from private 
communications (both personal visits and telephone interviews). For each 
research organization, the appendix includes the organization' s address, the 
duration of its program, a list of nonproprietary cycles, and a list of pub- 
lications. Because of the proprietary nature of the many programs that are 
under priv'ate sponsorship, full disclosure of the organizations' work is im- 
possible. Therefore, some of the cycles thought to be of high quality in 
terms of practicality and energy efficiency are not available for publication. 

It should also be noted that the development of thermochemical hydro- 
gen production processes is in its infancy stages. Therefore, it is premature 
to report in detail on process parameters, engineering flowsheets, and cost 

110 

INSTITUTE OF GAS TECHNOLOGY 


J 


8/75 


8962 


analyses of specific processes. Thermochemical hydrogen production on a 
large-scale basis is probably at least 20 years away. This is indicated by 
the variety of research organizations doing work in the field and the numerous 
approaches to this research. For example, an academic institution with 
governmental funding will have an entirely different approach from an indus- 
trially sponsored organization. In addition, an organization with a high level 
of funding has the opportunity for a more comprehensive program than those 
groups with programs that can support only one or two researchers. With 
the many degrees of freedom available in this area of research, almost 
every organization has a unique approach, with varying goals and abilities 
to publish or communicate its conclusions. Therefore, compiling and dis- 
cussing all work done in the area of thermochemical hydrogen production is 
a difficult task. The information included herein is as complete and accurate 
as possible as of Januairy 31, 1975. 

Table 6-1 presents a summary of the information included in Appendix B. 
£ach research organization is listed with the areas of research that it is 
involved in. Research activities are divided into seven categories. They 


are — 


• Literature Surveys 

• Derivation of Novel Cycles 

• Analytical Evaluation of Cycles 

• Experimental Evaluation of Cycles 

• Comparisons With Electrolytic Hydrogen Production 

• Nuclear Reactor Interface Studies 

• Detailed Engineering Studies of Chosen Cycles, 

Although the level of effort in each activity is not depicted, a notation is 
established to differentiate between published work, proprietary or unpub- 
lished work, and no work for each area. 

Basic Thermodynamic Considerations 

Because thermochemical hydrogen production schemes are in the early 
stages of development, a basic thermodynamic approach to prove feasibility 
is required. The following equation describes the overall system reaction 
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Table 6-1. AREAS OF RESEARCH ON THERMOCHEMICAL HYDROGEN 
PRODUCTION BY INTERESTED GROUPS 



Aerojet -General 
Cdrp. , El Monte, 
Calif. 



Reply not received. 



Air Products and 
Chemicals, Ine. 
Allen to'wn, Perma. 

2 

3 

3 

3 

3 

3 

3 

Argonne National 
Laboratory, Argonne, 
111. 

2 

1 

1 

Z 

3 

3 

3 

Atomic Energy of 
Canada Ltd* , Pinowa, 
Manitoba 

1 

3 

3 

3 

3 

3 

3 

Avco Corp. , Wilmington, 
Mass. 



Reply not 

received. 



EURATOM, Ispra, 
Italy 

2 

1 

1 

1 

2 

1 

1 

Gaz de France 
Paris, France 

2 

2 

2 

2 

2 

3 

3 

General Atomic Co* 
San Diego, Calif. 

2 

1 

2 

2 

3 

2 

2 

General Electric Co. 
Schenectady, N. Y. 

2 

1 

1 

2 

2 

1 

1 

Holifield Natl. Lab* 
Oak Ridge, Tenn. 

2 

2 

2 

2 

3 

3 

3 

Key; 1 = Published Results 








2 = Proprietary or Unpublisheci Work 

3 = No Work in This Activity as of January 31 , 1975 
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Table 6-1, Cont, AREAS OF RESEARCH ON THERMOCHEMICAL 
HYDROGEN FRODUCTION BY INTERESTED GROUPS 


Research Activities 



Technology, Chicago, 2 1 12 1 1 3 

ni. 


Iowa State UniVe 

Amer> Iowa 

Japanese Govt. (Sunshine 

2 

2 

2 

2 

3 

3 

3 

Program), Tokyo, Japan 
KFA (Nuclear Research 

2 

2 

2 

2 

2(?) 

3(?) 

3(?) 

Center), Julich, W. 
Germany 

2 

2 

1 

2 

3(?) 

1 

3 

KMS Fusion, Inc. 

Ann Arbor, Mich, 

2 

2 

2(7). 

2 

3 

2 

3 

Lawrence Livermore 

Lcv,^e t Livermore^ Calif. 

2 

1 

2 

1 

3 

3 

3 

Los Alamos Scientific 

Lab. , Los Alamos, N. M* 
Pechiney Ugine 

2 

1 

2 

2 

3 

3 

3 

Kuhbnann» Paris, France 
Stevens Inst, of Tech. 

2 

3 

1(?) 

3 

3 

3 

3 

Hoboken, N. J- 

1 

3 

3 

3 

3 

3 

3 

Univ. of Kentucky 

Lexington, Ky. 

2 

2 

1 

3 

3 

3 

3 

Univ. of New Mexico 

Albuquerque, N, M. 

1 

3 

1 

3 

3 

3 

3 

Univ. of Puerto Rico 

MayagueZp Puerto Rico 

2 

3 

1 

3 

3 

3 

3 

W e st inghou s e Fie ct ric 

Corp. , Pittsburgh, Peniia. Z Z 2 

Keys 1 = Published Results 

2 = Proprietary or Unpublished Work 

2 

2 

2 

3(?) 


3 = No Work in This Activity as of January 31, 1975 
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for all processes producing hydrogen and oxygen from water: 

HaO(A)-»H 2 (g) + x /2 Oa(g) at 25»C (6-1) 

If we deal with electrolysis, direct thermal decomposition, or a thermo - 
chemical cycle, the net reaction is described by Equation 6-1, For this 
net reaction, we know that — 

AH= AG - TAS 

where — 

Ah = enthalpy change for the reaction 
AG = Gibbs free-energy change for the reaction 
AS = entropy change for the reaction 
T = temperature of the reaction 

A basic proof has been derived that shows that water -splitting processes 
are subject to a Camot-type limitation on the transformation of heat into 
free energy. It applies to any water -splitting process in which water 

is the only raw material and in which the process is driven directly or 
indirectly by heat. These processes include thermochemical water- splitting 
cycles, electrolysis (including electricity generation), and direct thermal 
water splitting. The proof is as follows: 

Consider a steady-state process that converts water into hydrogen and 

oxygen by obtaining heat, q j, » at a constant, elevated temperature, T^ 

(from a nuclear reactor, for example), and by rejecting heat, , at a lower 

temperature, T , which may be the environment temperature. (See Figure 

6-2.) Aside from hydrogen production, the only energy outputs from the 

process are the heat rejection and the displacement of the environment. The 

reactant water and product gases enter and exit at the fixed conditions, 

T and P . 
e e 

Writing the first law for such a system, where AE is the internal energy 
change and AV is the volume displacement of the environment^ Equation 6-2 
is obtained; 


q^ = q^ — PeA- AE (6-2) 
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Figure 6-2. IDEAL STEADY-STATE PROCESS TO CONVERT WATER 

INTO HYDROGEN AND OXYGEN 


Denoting the entropy change of the system by AS and writing the second 
law, we derive Equation 6-3: 


*^r ^r 

AS 

r e 

Combining Equations 6-2 and 6-3 results in Equation 6-4: 

AE + P/V - T^AS a q^ — ) 

r 

The corresponding equation for the process stream is — 

A E + P^ AV - T AS = E An. 

6 G ^ X 1 

where is the chemical potential of a component — 

n '5n^T, P, n 


(6-3) 


(6-4) 


(6-5) 


( 6 - 6 ) 


G denotes Gibbs free energy, and n denotes the number of moles of a com- 
ponent. 


Substituting Equation 6-5~into 6-4, Equation 6-7 is obtained: 

E Mi An. £ q^. (— — ) 


(6-7) 
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From the definition of Gibbe free energy and the Gibbs -Duhem Equation, 
SdT + VdP — Sn^d |Z- = 0 (where dP=: dT=; 0 because T is constant at 
Tg and P is constant at P^)» Equation 6-8 is obtained: 


T - T 
r 


or 



( 6 - 8 ) 


From this relationship, an ideal water -splitting efficiency can be written 
involving the enthalpy, AH, or heating value of hydrogen: 





AH / "^r *^e 

Sg" ' T 

r 


) 


(6-9) 


The efficiency of any given process or cycle should be compared with the 
best attainable, which is given by Equation 6-9. From the process — 


H20(X)-*H2(g) +i/2 08(g) 

at 1 atmosphere and 25° C, where AH = 68. 3 kcal/g-mol and AG := 56, 7 
kcal/g-mol, we have calculated the ideal water -splitting efficiencies pre- 
sented in Table 6-2, 

Actual thermochemical water -splitting cycles cannot be evaluated by 
Equation 6-9; they can only be compared with it, and they cannot exceed it. 
Theoretically, a cycle might be written so that _ 

1. All the chemical reactions proceed as written, spontaneously, with no 
work inputs required (only heat inputs). 

2. No gas separations need to be done, and no compression work is required, 

3. All the heat required by the cycle is fed in at T ^ , all the waste heat 

is rejected at T , and there is perfect internal matching of endothermic 
and exothermic processes. 

When all these conditions are fiilfilled. Equation 6-9 can be applied. However, 
no cycles known to us come close to fulfilling all these criteria. If a given 
cycle satisfies criteria I and 2, but not 3, a simple heat (entropy) balance is 
adequate, but very few cycles even approximate this circumstance. 

For an electrolysis process that operates at 25 °C, we know that work 
must be supplied to the reaction and that, ideally, the quantity of work is 
equal to the Gibbs free-energy change for the reaction, 56,7 kcal/g-mol of 
hydrogen. There is also an ideal heat requirement that is equal to the en- 
tropy term, TA S, which for this reaction is equal to 11. 6 kcal/g-mol of 
hydrogen. We do produce hydrogen that has a high heating value equal to the 
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Table 6-2. IDEAL WATER-SPUTTING EFFICIENCIES 


i LJ 


T 

r 

Te 

^r 

% 

H/q_ 

E. % 


■“C- 

25 

kcal/g-mol' 

222 



125 

154 

0. 307 

30.7 

225 

25 

140 

72 

0,487 

48.7 

325 

25 

113 ^ 

45 

0. 605 

60.5 

425 

25 

99.8 

31.5 

0.692 

69.2 

525 

25 

90.3 

22. 0 

0.757 

75.7 

725 

25 

80.7 

12.4 

0. 846 

84.6 

1225 

25 

70.8 

2. 5 

0. 965 

96.5 

1725 

25 

66, 6 

-1, 7* 

1.025 

100. 0* 

4025 

25 

60.9 

-7.4* 

1. 122 

100.0* 

m 

25 

56,7 

-11.6* 

1,204 

100. 0* 


Indicates negative heat rejection q at T (25 °C). To have a process 
e£^iciency in excess of 100%, ibis negatwe q would have to be **free 
heat" input from the environment. An exam^e would be a 25*’C, 1 
atmosphere reversible electrolyzer operating at 1.23 volts and 
supplying exactly 56, 7 kcal of electrical energy for each mole of 
water decomposed. With 100% heat- to-work efficiency (T = *, T = 25"C), 
this overall process would be "120%" efficient, but it reqtSres a f:^e 
entropy input of 11.6 kcal/mole of water deconaposed. 
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negative of the enthalpy change of this overall reaction, or —68. 3 kcal/g-mol 
of hydrogen. The work that is required for the reaction in an electrolysis 
cell is supplied in the form of electricity, the generation of which is subjected 
to a Carnot limitation by the second law of thermodynamics. Electricity today 
has a practical generation efficiency usually in the range of from 30% to 40%, 

Because work generating cycles are limited in efficiency by maximum 
operating temperatures (imposed by available heat sources) and by process 
materials for heat transfer or containment of working fluids, it would be 
advantageous to use heat directly in a chemical process, thus avoiding many 
of the mechanical limitations that cause the practical limitations on efficiency 
in electricity generation. By using heat directly, it is hoped that one step 
in an energy conversion process would be eliminated. This is the basic 
reason for trying to devise a thermochemical hydrogen production scheme. 

In reality, there will be work requirements for thermochemical cycles. 

For example, work will be required to drive some reactions to completion, 
to perform separations of reaction products, for compression work for 
reactions that operate at elevated pressures, and to maintain mass transfer 
and sustain pressure drops in the system. These work inputs can and should 
be minimized to achieve the maximum operating efficiency of a thermochemi- 
cal cycle, and this can be accomplished by selecting proper operating condi- 
tions for the various chemical reactions. The operating temperatures must 
be selected so that the heat requirements will fall within some feasible tem- 
perature envelope that could be supplied by a nuclear reactor or some other 
heat source (e.g., solar). From the literature, maximum temperatures in 
the range of from 900“ to 1100“C may be attained by an advanced -technology , 
high -temperature, gas -cooled nuclear reactor (HTGR) Limits on solar 
furnaces for this application have not yet been estimated, although, with con- 
centration. 2000 “C temperatures have been achieved for other purposes.^ 

Also essential for a thermochemical cycle is that the net overall reaction 
for the series of reactions selected be described by water -splitting Reaction 
5-1 (i. e. , that all intermediates be internally recycled within the process). 

For example, let’ s examine a cycle proposed by the Institute of Gas Technology 
and others, as described below: 
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2CrC!a(s) + 2HCl(g) 2CrCl3(s) + Hg(g) 

25“C 


= -8, 5 

(6-10) 

2CrCl3(s) 2CrClg(jt) + Cl 2 (g) 

925“C 


+15.1 

(6-11) 

Cl2(g) + HgO(g) -* 2HCl(g) 02 (g) 

925«C 


--5. 41 , 

(6-12) 


HgO •* Hg +1/2,0^ 

The net overall reaction "splits'* water into hydrogen and oxygen. The tem- 
peratures are selected so that die Gibbs free-energy change for each reaction 
is minimized and so that the temperatures are within an envelope of 25 ^ to 
925^C, Heactions 6-10 and 6-12 have free-energy changes of —8.5 and 
— 5.41, respectively, and theoretically will not require work inputs to generate 
appreciable quantities of reaction products. Admittedly, this does not in- 
clude the work inputs necessary for product mixture separation. Reaction 6-11, 
however, does have a positive free-energy change, + 15, 1 kcal at 925° C, 
and will require a work input. We have, however, in theory reduced the 
work requirements for splitting one mole of water from 56. 7 to 1 5. 1 kcal. 

This cursory look at the basic thermodynamic considerations for reaction 
and temperature selectioh can be summarized as follows. For a promising 
thermochemical cycle, reactions, and temperatures for those reactions, 
shculd be selected so that the free-energy change for each reaction is mini- 
mized and should fall within a tolerable range, (Most research organizations 
have selected a range not larger than —15 kcal to +20 kcal per reaction, 
per gram-mole of hydrogen produced, ) Temperatures should be selected 
between 25 °C and some maximum temperature that could be supplied by 
a futuristic heat source, (This maximum temperature varies between 800° 

3md 1000 °C, depending on the research organization.) 

There are other considerations that must be examined in evaluating 
tihermochemical cycles. Some of these are work requirements for gas 
separations, the exchange of heat within the cycle, corrosivity of chemical 
compounds, interfacing the thermochemical cycle with a heat source, and 
reaction kinetics. These considerations are discussed in the following 
paragraphs. 
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Efficiency Calculations for Thermochemical Cycles 

Although most research organizations have determined theoretical maxi- 
r'*'m (ideal) efficiencies for thermochemical cycles, relatively few groups 
have tried to calculate or estimate realistic values or process operating 
efficiencies. Each organization has devised its own method of efficiency 
evaluation that best suits the objectives of its program. To date, no one 
method has been established as the best approach, although it may be ad- 
vantageous to determine a scheme that will allow each team of researchers 
to measure the quality of its cycle against those proposed by others. 

Importance of Energy Efficiency for Thermochemical Cycles 

The efficiencies of cycles may be the most important criterion in deter- 
mining the most promising cycle. As in electrolysis, operating costs of 
thermochemical processes may contribute significantly to the hydrogen 
production cost. A consideration of the electrolysis process for hydrogen 
production is useful at this point: For example, Figure 6-3 shows the effect 
of the cost of electricity on the cost of hydrogen produced by elect— jlygis. ® 

In Figure 6-3, the abscissa intercepts are directly related to the capital 
costs for an advanced electrolyzer plant. The slope of the cost lines reflect 
the electrolyzer efficiency. Because the cost of nuclear electricity is in 
excess of 10 mills/kWhr, operating costs will be at least 65% to 80% of 
the production cost of electrolytic hydrogen. The more efficient the electro- 
lyzer operation, the lower the hydrogen cost (after some power cost is 
assumed). 

It is interesting to note that an estimated 67% or more of the proportion of 
capital costs associated with a nuclear heat supply versus those associated 
with an entire conventional nuclear-electricity generating plant is attributable 
to the nuclear heat supply. Hence, the nuclear-heat portion of all plant 

capital costs for electrolytic and thermochemical hydrogen production will be 
relatively large for processes of reasonable and competitive costs. A recent 
study*^ that included projections of costs for thermochemical hydrogen placed 
the nuclear-heat portion of the hydrogen production cost at 44%, Evidently, 
efficiency of the use of nuclear heat will have a strong influence on both 
electrolytic and thermochemical hydrogen production — i.e,, the greater 
the efficiency, the cheaper the cost of the hydrogen (for similar plant capi' it 
costs). 
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Figure 6-3. COST OF HYDROGEN PRODUCED BY 
AN ADVANCED ELECTROLYZER 


The efficiency of a cycle can be defined as the heat available in the hydro- 
gen produced (usually considered to be the high heating value, HHV, of the 
hydrogen, or 68, 3 kcal/g-mol) divided by the quantity of heat required to 
produce one gram -mole of hydrogen; this quotient is multiplied by 100. 

HHV 

Efficiency = HeaMnp^t * (‘-13) 

The HHV of hydrogen is recommended as the measure of product energy for 

three reasons: 

1. The HHV is consistent with the overall thermodynamic requirements of 
water splitting. Liquid water is the primary raw material, and gaseous 
hydrogen and oxygen are the products. The enthalpy of this decomposition 
process (at 1 atm and 25° C) is equal to the negative of the HHV of hydrogen. 

2. Although most fuel-burning equipment used today does not extract even 
the low heating value (LHV) of the fuel, energy costs, conservation, and 
emphasis on efficiency will tend to remedy this waste in the future - 
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particularly if manufactured hydrogen is the fuel. Laboratory tests of 
developmental models of hydi ogen -burning appliances have already demon- 
strated that it is possible to extract more than the LHV of hydrogen fuel. 
Further, it would make little sense to deal with utilization efficiencies 
exceeding 100% (basis LHV) in the future. 

3. The Gas Utility Industry uses the HHV by convention and by statute. This 
is not arbitrary, but is partly because comparable calorimetry deter- 
minations can most easily and accurately be made by condensing the con- 
d< usable products of combustion (HjO) and cooling to near room tempera- 
ture. 

Techniq ues for Estimating Cycle Efficiency 

A form of Equation 6-13 is used by almost all research organizations 
that attempt to estimate cycle efficiencies. However, distinctions between 
techniques for efficiency estimation (explained below) lie in determining the 
denominator of the equation. Only a few organizations have not developed 
efficiency calculation procedures. Usually, these organizations have done 
valuable survey work and have not been concerned with deriving and evaluat- 
ing cycles. Examples of such organizations are Atomic Energy of Canada, 

Ltd. , Pechiney Ugine Kuhlmann (Paris), and the Stevens Institute of Technology. 
Other organizations, such as Lawrence Livermore Laboratory (LLL) and Iowa 
State University, have been more concerned with cycle chemistry and have 
not concentrated on efficiency estimates. 

The researchers at LLL do, however, employ a simple estimate of 
"efficiency" in order to measure the quality of one cycle against another. 

They calculate a heat input that is equal to the sum of the enthalpy changes 
of all endothermic reactions calculated at 25° C. This is by no means an 
estimate of process efficiency. Indeed, it is nothing more than a "yardstick" 
by which to measure the expected energy inputs of cycles. 

There are certain reasons for taking this approach. First, it is a quick, 
simple way to compare cycles. Second, there is extensive thermodynamic 
data (e.g. , enthalpy of formation) for chemical compounds at 25 °C, but 
measured or extrapolated data at higher temperatures is often incomplete. 

There are also many disadvantages to this simple estimation or comparison 
procedure. First, it makes no distinction between free-energy (work) re- 
quirements and entropy (heat) requirements; and, of course, it does not account 
for the relative change between the two as a fun chon of temperature for a 
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chemical reaction. Second, work requirements for reaction product separa- 
tion are ignored, and these requirements may be significantly different for 
cycles of "similar" chemistry. Additionally, this procedure does not accoxmt 
for internal heat utilization and rejection (waste) that occurs from heat ex- 
change between steps within the cycle. 

Los Alamos Scientific Laboratories (LASL) makes a small addition to 
the LLL method, Pesearchers there sum the enthalpy changes of the endo- 
thermic reactions calculated at Z5° C and add to that the sum of the positive 
free-energy changes of reactions calculated at 25 °C. This total is assumed 
to be the heat input, and an efficiency is calculated via Equation 6-13. 

Again, this efficiency is only used as a measure of quality and should not 
be confused with process-type efficiencies. However, even as a comparative 
technique it suffers from some of the deficiencies enumerated above for the 
LLL procedure. It should be noted that free energy is not equivalent to heat; 

It generally takes about 3 units of heat to generate one unit of work. Cycles 
of similar chemistry may require significantly different work inputs, and the 
LASL procedure partially accounts for this (on a comparative basis) by account- 
ing for reaction free-energy changes — but only at 25*^C. 


Researchers at Argonne National Laboratories, who have published 
articles on cycle analysis,* have developed a thermodynamic scheme for 
estimating cycle efficiency or "figure of merit. " They prefer to analyze 
cycles with respect to the operation of a heat engine, and they define a "figure 
of merit" that is equal to the free-energy change of water splitting at 25° C 
divided by the heat requirement, as shown in Equation 6-14, 


AGJ(HjO) 

Figure of Merit = I) = z Reqa'red) 


(6-14) 


To determine the figure of merit for a multistep cycle, a temperature - 
entropy diagram is constmcted. On such a diagram, the reaction steps 
are isothermcd lines at the reaction temperature, and the lines connecting the 
isotherms represent the heating and cooling of materials streams, A material 
phase change would also be represented by an isotherm. The enclosed area 
of the temperature -entropy diagram must be the work accomplished by operat- 
ing the thermochemical cycle, AG|(H^0). A simplifying assumption is that 
the heat absorbed and the heat rejected during the heating and cooling of 
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the reactants and products are equal, so that the reactants are heated to the 
reaction temperature through perfect heat interchange with the products. 

The heat required for the cycle is determined mathematically by multiplying 
the algebraic sum of the entropy changes by the associated temperatures. 

The procedure is elegant from the standpoint of thermodynamics; however, 
it assumes that thermochemical cycles require only heat inputs for opera- 
tion and that, for comparative analysis, cycles can be evaluated by entropy 
input only. The idealizations about heat capacity and heat exchange are 
acknowledged, and the associated errors would be relatively small. How- 
ever, the work requirements (and the attendant heat energy) to drive re- 
actions, separate products, compress gases, etc, , would have to be 
accounted for separately. These quantities can be large and dissimilar, even 
for cycles of similar -appearing chemistry. 

Researchers at General Electric Co. have published thermo chemical cycles 
and have calculated efficiencies for three of their cycles. They calculate 

the enthalpy changes for reactions at the postulated temperatures and assume 
that the process heat requirements are equal to the sum of the enthalpy changes 
for the endothermic reactions. To this value they add between 10% and 15% 
of that heat as energy needed for pumping and to compensate for miscellaneous 
losses. (This value was assumed based on similar input requirements of oil 
refineries.) This total heat requirement is then divided into the low heating 
value of hydrogen (57.6 kcal/g-mol) to obtain an efficiency. (As previously 
stated, it is our opinion that the high heating value of hydrogen would be 
preferable and more consistent.) 

The University of Kentucky, EURATOM, and the Institute of Gas Technology 
have gone a step further with cycle efficiency estimates. They calculate a 
process heat requirement in the following manner; All heat requirements 
for endothermic reactions and for heating compounds from one reaction 
temperature to a higher one are determined. This requires heat-capacity 
and phase-change data or estimates. Likewise, those process steps in which 
heat is liberated are determined — that is, those involving exothermic re- 
actions and heat release from cooling a component from some temperature 
to a lower temperature. Calculations are then performed to determine where, 
according to temperature levels in the cycle, the available heat can be used 
to supply endothermic requirements. As much usable heat as possible is 

124 

INSTITUTE OF GAS TECHNOLOGY 





8/75 8962 

transferred internally between endothermic and exothermic steps. A net 
heat input is required to satisfy all remaining endothermic reactions and 
component streams. This is the process heat requirement. (This procedure 
assumes heat exchange efficiencies of 100%.) 

In addition to the process heat requirement, there are work requirements 
for gas separations, for inputs to drive reactions (mechanical or electrical 
inputs), and sometimes for compression for elevated -pres sure operation. 

The work term for gas separations is assumed to be equal to the free energy, 

AG, of separation calculated by Equation 6-15: 

AGgj,p = RTE a.lnx. (6-1 5) 

whe re — 

a.^= moles of gas component i at equilibrium 

x^= mole fraction of gas component i at equilibrium. 

Before separation, attainment of either equilibrivim concentration at the reaction 
temperatures or some stated extent of reaction (percent of equilibrium) may 
be assumed for the mixture of gases. 

This manipulation is done for all reactions involving gas separations. 

When possible and advantageous, IGT uses an additional procedure to cool 
the gas mixture (to a lower step temperature) before the (mathematical) 
separation is accounted for. In a case in which work is required to achieve 
reasonable yields from a chemical reaction, the qucintity of work is assumed 
to be at least the positive free -energy change of the reaction. For example, 
an electrochemical or electrolysis step is presumed 80% efficient, requiring 
125% of the reaction free -energy requirement. 

The sum of the work terms is the total work input required for the cycle. 

At this point, the two research groups manipulate the numbers differently. 

The University of Kentucky"^ assumes a heat-to-work efficiency of 30% 
(constant). They determine the heat required to generate this work, add 
it to the process heat requirements, assume this to be the total heat input, 
and calculate an efficiency like Equation 6-13 — or more explicitly, accord- 
ing to Equation 6-l6: 
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HHV. 


Efficiency or Figure of Merit = 


H, 


(Process Heat Input) + 


Work Input 
0.30 


X 100 (6-16) 


where HHV„ is the high heating value of hydrogen. 
«2 


IGT first examines the waste heat from the enthalpy balance — that is, 
the exothermic heat not available for exchange within the cycle. If heat of 
a temperature high enough (above 325 °C) to be practically useful in generating 
work is available, it is converted to work via a power plant with an arbitrarily 
assumed efficiency. This quantity of work is then subtracted from the cycle 
work requirement. If more work is required, the heat needed for this work 
is determined via a power-plant efficiency formula in which the maximum 
temperature is arbitrarily assumed to be the highest (endothermic) reac- 
tion temperature of the cycle and the lowest temperature (for waste heat) is 
125 °C. In attempting to calculate a realistic maximum efficiency attain- 
able for a working thermochemical process, IGT uses a limited Carnot factor 
to determine the work value of heat with respect to temperature. The follow- 
ing equation is used when mathematically converting heat into work; 


where — 




T 


{■ 


MAX 

"^MAX 


) 


(6-17) 


W = work, kcal 

V = fraction efficiency (of Carnot) 

Q = heat, kcal 

Tmax ~ maximum temperature of heat from which work 

Cein be generated, °K 

IGT uses a fractional efficiency, 7) , equal to 0. 5 when calculating efficiencies 
based on current technology. However, because thermochemical hydrogen 
production will not be implemented immediately, such work -gene rating cycles 
should account for future technological and efficiency advances. Based on 
projections for an optimized, staged Rankine cycle with mercury topping, 

IGT uses the values of V according to Table 6-3, 
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Table 6-3. FRACTIONAL EFFICIENCY OF CARNOT FOR 
FUTURE -TECHNOLOGY WORK GENERATION CYCLES 


Temperature, °K 17 


700 0.65 

800 0.67 

900 0. 68 

1000 0. 69 

1100 0.68 

1200 0.68 

1300 0.67 

1400 0.66 


To calculate an efficiency, IGT divides the high heating value of hydrogen 
by the sum of the process heat and the heat required to generate work: 


Efficiency = 


HHV. 


Ha 


(Process Heat Input) + 


X loo 


(6-18) 


Calculating efficiencies, if done manually, is time-consuming. There- 
fore, researchers at IGT, the University of Kentucky, and EURATOM (Ispra) 
have computerized programs for^this procedure. (The EURATOM computer 
program was formulated by the University of Aachen; it is similar to the 
program at the University of Kentucky.) A computer program makes the 
task more workable if sufficient property data are available. 


Other research organizations have narrowed or isolated their investiga- 
tions to only a few cycles. Westinghouse Electric Corp. , General Atomic 
Co. , and (in some cases) EURATOM have done, or are in the process of 
doing, engineering flowsheeting. By doing a complete heat and material 
balance (including pumping and compression requirements) and product 
separations and recycles and by estimating heat exchanger losses and material 
makeup, a more exact process efficiency can be generated. This, however, 
is very time-consuming and costly. In most cases, kinetic data necessary 
for designing reactors, heat exchangers, and other equipment are not avail- 
able. Assumptions must be made as to whether steps are heat- or mass- 
transfer limited. Construction materials or equipment specifications must 
be decided on; and, though difficult, heat-transfer coefficients must be esti- 
mated for the exotic materials and environments. This work is premature 
for many cycles due to the lack of experimental data. Also, many research 
organizations have neither the facilities nor a financial budget capable of 
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handling such work. This type of program necessitates selection of one or 
two cycles that are assumed to be the most promising. 

It should be reiterated that there is a certain Camot-type limitation 
for thermochemical cycles. Therefore, other factors being equal, cycles 
that accept heat at high temperatures should inherently have higher effi- 
ciencies than those that accept heat at lower temperatures. For example: 

A cycle that utilizes heat at 900^ C may have a maximum attainable effi- 
ciency of 45% and a cycle that operates with a maximum -temperature heat 
requirement of 750 °C may have a 40% efficiency. In this case (by com- 
parison to a Carnot cycle), the second cycle utilizes the lower quality heat 
(750 °C and below) more ''efficiently" than does the first cycle, even though 
the first has a 5% -higher overall efficiency. Therefore, energy efficiencies 
should be normalized with respect to the temperature levels of heat accep- 
tance. The Institute of Gas Technology does this by comparing calculated 
efficiencies for thermochemical cycles with an ideal efficiency for electro- 
lytic hydrogen production where like quantities of heat are available, at the 
same temperature as that used within the thermochemical cycle, for generat- 
ing electricity. Dividing these two efficiencies results in a "water -split ting 
ratio" that takes into account the quality of the heat utilized. 

In summary, there is no accepted standard technique for calculating effi- 
ciencies. The term "efficiency" or "figure of merit" is used by all re- 
searchers, but the numbers generated by the different groups are not com- 
parable. Even the terms themselves are often misleading. To date, none 
of the numbers generated could be considered as practical process effi- 
ciencies. Rather, they are more correctly construed as maximum attain- 
able efficiencies or figures of merit for various levels of ideality assumed 
for the cycle in question. 

Evaluating Cycles 

Thus far, the most generally accepted method of evaluating cycles, energy 
efficiency, has been discussed. Efficiency (when calculated on a consistent 
basis) is probably the most important parameter and the best for comparison 
of different cycles. There are, though, a number of other parameters that 
should be closely examined when evaluating cycles. The following is a list 
of the key parameters used by researchers for such evaluations: 
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• Energy efficiency (figure of merit) 

• Heat transfer and reaction rates (kinetics) 

• Number of reaction steps 

• Corrosive properties of chemical intermediates 

• Availability and costs of raw materials (makeup material for the cycle) 

• Temperature schedule of heat requirements (heat»source interface). 

The extent of consideration of these parameters was determined through 
personal and phone interviews with a majority of the research organizations 
listed in appendix B. Efficient cycles generally have steps that are staged in 
temperature to accommodate internal heat exchange between exothermic and 
endothermic steps. Maximizing this internal exchange of heat helps to mini- 
mize waste heat. Kinetics have an indirect effect on efficiency, and thermo- 
dynamics alone cannot be used to predict the magnitude of this effect. If 
the kinetics are slow, more heat loss to the environment per unit of hydro- 
gen produced will occur. Rapid kinetics are particularly advantageous for 
the high -temperature, endothermic steps of a cycle. 

One general trend a number of researchers have observed is that the 
fewer the chemical reactions within the cycle, the higher the predicted 
efficiency. 

This makes sense because there will be fewer heat-transfer steps, fewer 
gas separations, fewer material -handling steps, and less overall system 
pressure drop. Hence, the number of chemical process steps is drastically 
reduced. 

Some researchers believe that a 2- step, pure thermoehemical cycle can 
be proved to be thermodynamically impossible when practical temperature 
conditions are imposed. To date, there are no known pure thermo- 

chemical cycles — i.e. , those that require only heat inputs; and there are 
no known workable 2 -step cycles that are essentially thermochemical. 

Some research organizations have presented cycles that are not purely 
thermochemical; these are termed "hybrids” or "heat-plus -work” ^ cycles. 
They hav^’ one or more reactions that are performed essentially with electro- 
chemical or mechanical work inputs. This scheme is often used when a 
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reaction within a cycle cannot be thermally driven. For example, if the free- 
energy change of a reaction is slightly positive, the reaction might be made 
to proceed if a configuration that allows the imposition of a small electrical 
potential is feasible. This situation is sometimes observed in mildly endo- 
thermic or exothermic liquid-phase reactions in which low- temperature 
operation is desired. Reactions enhanced by work inputs are characteristi- 
cally, but not exclusively, those that have increasing free -energy changes 
with Increasing temperature and that have a free -energy change between 
—5 and +15 kcal at 25° C, A voltage of about 0. 3 volts or less theoretically 
would be required to drive this type of reaction, (The electrolysis of water 
theoretically requires 1, 23 volts. ) 

The general consensus is that cycles of from 3 to 5 reaction steps look 
most advantageous from the standpoint of efficiency, practicality, and work- 
abili ty , 

Another key parameter considered when evaluating cycles is the corrosiv- 
ity of the compounds in the cycle. Many of the proposed cycles have com- 
pounds that are extremely corrosive to common construction materials, and 
it is questionable whether there are economicsilly available materials that 
can contain the compounds and not contaminate them. Therefore, materials 
that can withstand high temperatures and chemical attack are of utmost im- 
portance to thermochemical hydrogen production. Such materials for process 
equipment for thermochemical cycles have been of moderate concern in a 
few research programs, notably the EURATDM program. In general, detailed 
studies of this type are probably premature in view of the state of cycle 
selection. Corrosivity seems a characteristic of workable cycles; but efforts 
to develop cycles involving less corrosive, but sufficiently reactive inter- 
mediates might be rewarding. A large number of different compounds in a 
cycle complicates the problem of materials compatibility. 

Cycles involving relatively noncorrosive materials are of great interest 
and are a prime objective of many research programs. One of the problems 
with thermochemical hydrogen production is that a low-temperahire reaction 
step is often required to close a cycle. Although high -temperature steps 
usually proceed readily (with good kinetics), the compounds in the cycle 
must also be sufficiently reactive (corrosive) to proceed at low tempera- 
tures, One potential way to decrease corrosivity and still have a workable 
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cycle is by employing a low-temperature electrolytic step — i.e. , by using 
a hybrid cycle. 

During our telephone survey, discussions sometimes arose concerning 
the availability of compounds that appear as chemical species in many cycles. 
There are usually two questions regarding them. First, is there enough 
material available to supply numerous pl2tnts with initial raw-material 
and makeup requirements? Secondly, will the cost of the raw-material 
charge be prohibitive? 

These questions are difficult to answer. It is difficult to estimate the 
quamtlty of material necessary to initially charge the process because reaction 
kinetics are unknown. The faster the cycle kinetics, the higher the hydro- 
gen production rate, or the lower the required materials inventory for a 
given hydrogen production rate* The makeup requirements are likewise un- 
known. Again, it should be remembered that the process should be totally 
contained so that the makeup of intermediate compounds is minimal. Even 
the smallest "leak" will cause large makeup requirements that could prove 
too costly for continued economical plant operation. 

What will the new demand for some of the less plentiful compounds do 
to their market prices? It is easy to see the adveintages of low cost, plenti- 
ful materials, but limiting the number of elements that can be used in thermo - 
chemical cycles also limits the number of potential cycles. This question 
also remains unanswered, but it is agreed that these parameters are of im- 
portance when evaluating cycles. 

The temperature of the heat required from a heat source is another key 
parameter that should be considered when evaluating a cycle. An HTGR, 
for example, might, in the future, deliver helium from its nuclear core at 
about 1000° C and require that the helium stream be reduced to perhaps 
500 °C or below before reinjection to the core. On the other hand, a thermo- 
chemical cycle may require a considerable portion of its heat above an iso- 
thermal condition for a reaction at, say, 800 °C, Therefore, there must be 
modifications to the process or a bottoming energy -conversion cycle included 
SO that the heat available from the nuclear reactor matches the load of the 
combined processes. There are alternatives for thermochemical cycles 
with problems in this area. First is a need for some electric power to 
operate pumps, compressors, and other utilities for the process. An 
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electric generating plant could be the bottoming cycle, utilizing, per the 
example, the unused portioh of the 500° to 800° C heat. Second is the 
possibility of ''stacking” thermochemical cycles, but this may involve 
difficult process control and heat balancing. This possibility will generally 
have drawbacks such as extremely complex plant operations and a diversity 
of chemical process equipment. 

To utilize heat from a nuclear source, a compatible thermochemical 
cycle must accept the heat from the nuclear coolant stream so that the tem- 
perature of the stream is reduced to acceptable core reinjection levels. 

Summarized here are the attributes of a "good” thermochemical cycle 
for hydrogen production as derived from the criteria used by the research 
organizations surveyed in this study: 

• A cycle should have a higher efficiency, or at least a more practically 
attained efficiency, than a proposed electrolysis process using the same 
temperature energy source. 

• The cycle kinetics should not be strongly limited by alow heat-transfer 

or reaction rates. Fast rates are generally desirable. 

• The cycle should have as few reaction and heat-exchange steps, gas 
separations, and material -transport steps as possible. 

• It is desirable that chemical intermediates within the cycle be non- 
corrosive to construction materials commonly used in the chemical 
process industry and that exotic construction materials not be required, 

• It would be advantageous to use several chemical intermediates that 
are abundant and inexpensive. A cycle that involves a rare or expen- 
sive element is generally undesirable. 

• If a thermochemical cycle is driven by heat from a nuclear source, the 
heat demand should match the heat available from the nuclear coolant 
stream as it cools. (The inherent isothermal aspect of thermochemical 
cycles appears to make them adaptable to high-temperature solar appli- 
cations. ) 

These criteria are of value when comparing one cycle with another or 
with the electrolytic splitting of water. Eliminating a cycle because it vio- 
lates a criterion is not good practice, but selecting one cycle as more 
promising than another, based on all criteria, is a practical and necessary 
approach. 
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We have outlined the chemical and thermodynamic bases for thermo - 
chemical hydrogen production. Cycles that work in the laboratory and 
that have promising efficiencies and/or that meet other evaluation criteria 
are extremely important. At this juncture, however, the future of thermo- 
chemical hydrogen production is largely dependent on the development of 
high -temperature thermal sources. We have shown that, because of the 
second-law limitation on the splitting of water into hydrogen and oxygen 
through the application of heat, the highest temperature at which heat can 
be used may produce the most efficient cycle. By having the largest tem- 
perature envelope for selection of reaction operating temperatures, we 
allow the greatest latitude in chemical- species selection. The question 
that really should be addressed is; In the foreseeable future, what thermal 
sources will be available and what temperatures will they attain? 

In the last two decades, considerable work has been done in the area of 
nuclear-reactor development for electric power generation. Recently, 
however, modest investigations have been directed toward the possibility of 
using nuclear reactors as sources of process heat. Table 6-4 presents 
coolant temperature ranges for various types of nuclear reactors that are 
in operation or are under development. 

Most research organizations have chosen a temperature envelope that 
ranges from a minimum of 25° C to a maximum of between 600° and 
1000° C. With this information, from examination of Table 4, and by 
allowing a 50 ° to 100 °C temperature drop for the heat exchanger betw'een 
the reactor coolant stream and the high-temperature, endothermic step 
of the cycle, it is clear that HTGR' s will be desired for thermochemical 
hydrogen production. GCFBR' s would be marginal in temperature capa- 
bility. Other reactor types would serve as well, or better, for electrolysis. 

If a hydrogen-energy system is contemplated for the future and if nuclear 
water splitting is the hydrogen source, then we must plan reactor develop- 
ment to match the production method. At this time, BWR' s, PWR' s, 

LiTGR’ 8, and even LMFBR’ s do not appear to be particularly useful for 
thermochemical hydrogen production. It is disturbing to note that the U. S. 
breeder reactor program, the success of which is vital for the provision of 
enough nuclear energy to meet our post-1990 demands, is based upon the 
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Table 6-4, NUCLEAR REACTOR COOLANT TEMPERATURES 

Reactor Core Cooleint Exit 


Reactor Type 

Coolant 

Temp. , ®C 

BWR (boiling -water reactor, 1957 technology, 
Vallecitos) 

Water 

250-325 

PWR (pressurized -water reactors, 1957 
technology, Shippingport, submarines) 

Water 

275-350 

LiTGR (low-temperature, gas -cooled reactor; 
1963 technology, Wind scale. Great Britain) 

Carbon dioxide 

350-575 

BWR/SH (boiling -water reactor with superheat, 
current technology) 

Water 

450-575 

LMFBR (liquid -metal, fast-breeder reactor; 
experimental) 

Liquid soditxm 

450-625 

GCFBR (gas- cooled, fast-breeder reactor; 
experimental) 

Helittm 

500-700 

HTGR (high-temperature, gas-cooled reactor; 
1 967 technology. Peach Bottom) 

Helium 

780-900 

HTGR-Otto (same as above with "Otto" fueling 
scheme, experimental j Germany) 

Helium 

900-1000 

UHTGR(same as above, 19&9 experiments, 
LASL) 

Helium 

1000-1300 

Rover (nuclear rocket power plant, 1970 to 

Hydrogen 

2000-2500 


1972, LASL or Aerojet-Westinghouse NERVA 
project) 
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LMFBR, which is probably not acceptable as a heat source for a thermo> 

I 

chemical hydrogen process. 

The nuclear-electric industry has made various estimates of the demands 
for nuclear-electricity generation capacity through the years 1990 and 2000. 
We have considered, for the purposes of illustration, the extra amount of 
nuclear capacity that will have to be developed to meet the deficit in natural 
gas supplies that are projected to exist in the year 2000. Estimates of the 
demand for natural gas in the year 2000 are on the order of 65 trillion 


I p SCF/yr, and it is generally accepted that only about half of this demand 

I ^ will be met with domestic, imported, and substitute natural gas sources. 

Thus, a deficit of about 33 trillion SCF/yr (or 33 quadrillion Btu/yr) is 
expected. 



This deficit can be compensated for in three ways. One way is to 
altogether deprive the U.S. energy market of this energy, requiring 
enormous conservation measures and probably resulting in a lowering of 
economic standards throughout the country. Another way is to meet this 
energy demand with nuclear-gene rated electricity, thus requiring major in- 
stallations of new transmission, distribution, and utilization eqmpment. The 
third way is to supply synthetic hydrogen, made through use of a nuclear 
energy source to a part of the U. S. gas market. The nuclear capacity that 
would then be required is within the currently anticipated capability of the 
nuclear industry. 

Assuming that reactor materials technology allows for HTGR process- 
heat production at 925 ° to 1000 in the time frame with which we are 
conceraed, we can reasonably anticipate a practical thermochemical hydrogen 
production efficiency of about 50%. To produce 33 quadrillion Btu/yr of 
hydrogen (to meet the gas deficit for the year 2000), we will need a nuclear 
plant capacity of 66 quadrillion Btu/yr, or 2250 GW (thermal). Because 
nuclear plant capacities today are conventionally expressed in electrical 
generating units, it is convenient for purposes of comparison to correct 
2250 GW (thermal) to an equivalent 700 GW (electric), assuming a typical 
31% nuclear generating efficiency (40%, or 900 GW, for all new-technology 
HTGR' s). 

Can an extra 700 GW (electric) of nuclear generation be provided by the 
nuclear industry? Allowing a 20% downtime for maintenance, refueling, 
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etc. , we are really asking for about 850 GW (electric) of plant capacity. 
Figure 6-4 shows two projections by the Atomic Energy Commission (AEC) ^ 
and one by the Atomic Industrial Forum (AIF) ^ of the growth of nuclear- 
electric capacity. The lower two lines are the "most likely" case and the 
"high" projected case by the AEC. The top line is the AIF’ s indication^ 
that a growth rate somewhat greater than the AEC s "high" projection can 
be maintained by the nuclear industry if necessary. Much of the need behind 
the AEC s accelerated case is due to an anticipation of a take-over of part 
of today' s fossil-fuel markets by nuclear electricity. It seems reasonable 
to assume that if, for the sake of this example, nuclear hydrogen is to fill 
the natural gas deficit, the electric demand will be amply satisfied by the 
"most likely" case, 1200 GW (electric). 

In Figure 6-5, we have superimposed a demand point that corresponds 
to meeting both the 1200 -GW (elec trie), nuclear-electric demand and the 
850-GW (electric) needed to meet the gas deficit projected for the year 2000. 
In terms of nuclear capacity, we assume that the capability for thermal 
capacity would be the same, per the AEC and AIF projections, whether the 
"additional" 2250-GW (thermal) be a mix of reactor types or predominantly 
HTGR' 8. Of course, for thermochemical hydrogen production the crucial 
question is whether or not this projected capability can include a significant 
HTGR contribution. 

It can be seen from Figure 6-5 that achievement of this total nuclear 
generating capacity is probably within the AIF' s projected nuclear -industry 
capability. However, it is important to realize that this point can only be 
achieved by the year 2000 if the nuclear industry begins its accelerated 
growth pattern very soon — say by 1980 — and cannot be met if such a 
decision to expand is delayed until say, 1995. Thus, an early commit- 
ment to nuclear thermochemical hydrogen production seems mandatory if 
we are to develop the necessary quantity of the type of reactors needed to 
meet our demands of 25 years hence. 

To date, no experimental work has been done on applying solar funiace 
technology to thermochemical hydrogen production. There are, today, solar 
furnaces that a'., attain temperatures above 1000° C. ^ They have the 
apparent advantage of being able to supply heat at somewhat more isothermal 
conditions than do nuclear reactors. There are, however, problems with 
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transient operating conditions for chemical process equipment and/or diffi- 
ctilties in high temperature heat storage during overcast periods and night- 
time. These problems might be overcome by use of relatively uncomplicated, 
high -temperature thermochemical cycles of not more than 3 reaction steps 
that could be operated efficiently and intermittently. 

Technology Development cind Identifiable Gaps 

The development of technology for thermochemical hydrogen production, 
as an approximate consensus constructed after our interviews, is depicted 
in Figure 6-6, The series of stages is intended to portray an orderly de- 
velopment of the technology. The series was developed after interviews 
with over 20 groups recently and/or currently involved in research on 
thermochemical hydrogen production. On the average, the state of tech- 
nology for the various programs surveyed is at stage 3 or 4, A few groups 
are still working at stage 1. A few others have progressed to stage 8; 
hut this rapid progression has not included most of stages 4 and 6, and it 
has not included any of stage 7. (Depending on its facilities and philosophy, 
it may be expeditious for an organization to delay stage 7 xmtil stage 8 is 
completed.) Most of the research groups interviewed placed attainment of 
stage 10 in 1985 or later; and most groups at stage 3 or 4 placed attain- 
ment of stage 7 in from 1978 to 1980 with annual funding requirements of 
from $500,000 to $ 1 million and on condition that, at this point, one cycle 
be selected for further development. 

It should also be stressed that it is difficult to determine the state- 
of-the-art for thermochemical hydrogen production. Every research 
organisation has a unique approach with independent objectives and direc- 
tion. Many organizations have taken a propHetary stand, and their "best" 
work is unavailable. Some research that is sponsored by private industry 
is protected from public disclosure at this time. 

The overall objective of several research programs is, however, dem- 
onstration of a cycle in the laboratory. It is hoped that within five years, 
a bench-scale demonstration will be in continuous or semicontinuous opera- 
tion. Researchers at some organizations, such as at LASL, IGT, GE, 

EUR ATOM, and LLIj, have proved the feasibility of individual reactions. 
Some (those at LASL, IGT, and EUR ATOM) have demonstrated cycles by 
recycling materials through each reaction step in a batch -type operation; 
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Figure 6-6. REQUIREMENTS FOR TECHNOLOGY DEVELOPMENT 
IN THERMOCHEMICAL HYDROGEN PRODUCTION 
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but to date, none has setup a continuously operative cycle in the laboratory. 

To do this, a research group must first select one cycle. At this stage, 
it may be difficult for most groups to make such a selection with any degree 
of confidence. If this were done, it would imply that the organization either 
believed that this cycle would prove to be one of the best or that they had 
sufficient funding to allow them to make additional searches for better cycles 
in parallel efforts. 

To build a continuous bench-scale operation, kinetic data on all reactions 
are required so that reactor design and sizing will allow compatible and balanced 
material flows throughout the demonstration system. 

The objective of other programs is to eventually do engineering designs of 
proved cycles. These could be used to generate flowsheet-based costs for 
thermochemical hydrogen production — something that has not yet been 
achieved; but, for at least one program, will soon be. When asked about 
capital and operating cost requirements for thermochemical processes, 
most organizations would not comment; and none had ’’hard data” to present. 
Considerable work will be required to generate the cost figures, but the 
eventual implementation of thermochemical hydrogen will depend on economics. 

One important factor brought out by ongoing research is that currently 
identified technology ga|)s would limit the practicality of thermochemieal hydro- 
gen production. The areas in which research is required can be isolated, and 
appropriate research programs can be initiated now to find solutions before 
the world’ s energy demands include large-scale utilization of hydrogen fuel. 

One main area that requires further development is the high-temperature 
heat exchanger for transferring heat from the nuclear reactor to the endothermic 
steps of the thermochemieal process. Because highly efficient utilization of 
heat is of utmost importance, heat exchangers will play a prime role in 
thermochemieal plant designs. High surface area, high- efficiency heat ex- 
changers must be developed that will withstand 800" to 1000" C temperatures, 
with ultrapure helium on one side and, possibly, corrosive atmospheres 
on the other side. They must be of reasonable size, cost, and expected 
lifetime . 

The availability of materials that can handle the chemical environment? 
is an area that will require extensive testing and development work. Needs 

141 


i 


\ 



I W $ T I T U T E 


O F 


GAS 


TECHNOLOGY 


i 


8/75 8962 

for materials for particular functions in thermochemical cycles have not 
yet been extensively identUied. Before commercialization, some of the 
cycles will require new materials to ensure adequate life for reactor vessels 
and piping exposed to corrosive atmospheres at high temperatures. Con- 
struction materials are evidently a limiting factor in determining the practi- 
cality of many of the proposed cycles. 

As discussed previously, high temperature heat sources are currently 
under development. In Germany (KFA) and in Japan, extensive work is under 
way on the development of HTGR’ s with coolant stream temperatures in 
excess of 950° C, Because efficient thermochemical hydrogen production 
methods require such temperatures, the future of these methods is de- 
pendent on the successful completion of this work. The possibility of other 
high -temperature sources, such as solar furnaces, has not been fully 
explored. 

One other area of concern with nuclear reactors involves the contain- 
ment of helium in the coolant loop. It has been observed that in some test 
loops, operating in temperature ranges of 500° to 1000 °C, a complete 
recharge of helium is required each year. With increased usage of HTGR' s, 
this practice could become cost- or supply -limited. 

Work on solutions to the problems anticipated in connection with the gaps 
in hydrogen production technology should be incorporated into an overall 
program of hydrogen research. The future of thermochemical hydrogen 
production is dependent on finding these answers; the merits of the hydrogen 
production method are clear and warrant such investigations. 
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7. PRODUCTION OF HYDROGEN BY PHOTOSYNTHETIC PROCESSES - 
R. H. Elkins 

Introduction and Problem Definition 

Practically all of the energy required for the growth of our technological 
civilization up to this time has been ultimately supplied by the photosynthetic 
convetsion of solar energy to cellulose and cell material that has been stored 
through the ages as fossil fuelsi Faced with the rapid depletion of this source 
of energy, considerable attention is now being given to determining whether 
or not (and if so, to what extent) the photo synthetic process can be accelerated 
to meet current and future energy needs. The most fundamental problem is 
the inefficiency of solar energy conversion to chemical energy. With conven- 
tional plant growth, the efficiencies are generally quite low — only 0. 5% to 
2. 0% of the total flux is converted to fixed carbon. As will be shown, there 
is no thermodynamic factor preventing attainment of efficiencies as high as 
10% for hydrogen- producing photo synthetic processes. 

Of course, most research activity in this area has centered on the more 
conventional approaches for accelerating the growth of plants and algae or on 
converting residues (particularly wastes such as human and animal sewage) 
to methane. However, because the concept of a future hydrogen 

economy has received much attention, a number of proposals have been 
addressed specifically to the production of hydrogen by photosynthetic pro- 
cesses. These ideas include not only the more conventional 

approach of converting carbonaceous photo synthetic residues to hydrogen by 
the action of nonphotosynthetic organisms or photosynthetic processes, but j 

also (and more importantly) the direct photochemical splitting of water into i 

hydrogen and oxygen. At this time, the proposals for direct water splitting 
are generally only research suggestions, so objective engineering evaluations 
are not possible at this time. Nevertheless, a brief analysis of the energetics 
of the photo synthetic process indicates that the process is, in fact, thermody- \ 

i 

namically capable of producing hydrogen and oxygen from water. | 

In evaluating such proposals, it must be kept in mind that a number of 
methods already exist or can be developed by which the carbonaceous prod- 
ucts of photosynthesis can be converted to hydrogen. Furthermore, the most \ 

fundamental problem remains the improvement of the efficiency at which 
solar energy can be converted to chemical energy, in whatever form. In this 
light, the problem becomes primarily one of evaluating — 
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• Whether or not photosynthesis has the potential to produce energy in 
amounts significantly in excess of our food requirements: and, if so, what 
research and development Would be required to achieve that potential 

• Whether hydrogen can be produced more efficiently directly by photo- 
synthesis or indirectly from other photosynthetic products. 

However, the evaluation of these points is still largely subjective and will 
differ even eunong the acknowledged "experts” in the field. Many in the field 
express considerable (but not universal) optimism that photosynthesis can be 
used as an efficient converter of solar energy, but only on a long-range basis. 
All acknowledge that breakthroughs will be required; but most agree that the 
effort is worthwhile, evbn if unsuccessful, because of the fundamental impor- 
tance of a complete understanding of photosynthesis for possible application 

in increasing food production. 

1 

Historical Review of Photosynthesis Research *^»^^ 

Historically, the development of our understanding of photosynthesis has 
paralleled the development of chemistry as a science. By 1800, shortly after 
the discovery of oxygen by Priestley, the essential material balance for the 
process had been identified as — 


CO 2 + 


light 

green 

plant 


O 2 + organic matter 


By 1845, coincident with his formulation of the law of conservation of energy, 
Mayer understood the essential energy balance, as well as the material bal- 
ance of the process: 






^ 1 


CO 2 + H 2 O + light energy O 2 + organic matter + chemical energy 

At this point, he realized the tremendous importance of photosynthesis as 
nature' s primary means for storing solar energy. 

Little progress was made toward understanding the mechanisms of this 
reaction until the 1930* s, after Van Niel* s comparative studies of photosyn- 
thesis in green plants and in photosynthetic bacteria. These bacteria, like 
green plants, utilize light energy for growth and contain an essential pigment, 
bacteriochlorophyll, which differs only slightly from green-plant chlorophyll 
(Chi). However, the bacteria do not evolve molecular oxygen, and their 
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photosynthetic growth depends on the presence of an oxidizahle substrate such 
as hydrogen, hydrogen sulfide, or a variety of organic compounds (particularly 
the simpler alcohols and organic acids). To include these organisms, Van Neil 
formulated the photosynthesis reaction as an oxidation- reduction process: 

light 

CO2 + 2H2A - 7 -> CH2O + H2O + 2 A 
Chi 

in which H2A represents a general class of oxidizable compounds and A is 
the product of its oxidation. Soon after this formulation it was realized that 
green- plant photosynthesis might be a special case in which the oxidizable 
substrate, H2A, is water, which is oxidized tc oxygen. If so, the overall 
reaction of green-plant photosynthesis would be written — 

COj + 2H2O CHjO + HgO + O2 

On this basis. Van Niel postulated that the primary photochemical event 
is the splitting of water to produce an oxidant, denoted (OH), and a reductant, 
denoted (H). In turn, the primary reductant would bring about the reduction 
of carbon dioxide to a carbohydrate, denoted as CH2O, and the primary 
oxidant would react with H2A: 



(The primary oxidant and reductant were not regarded literally as hydrogen 
atoms and hydroxyl radicals, but rather as unspecified oxidizing and reducing 
species. ) 

Thus, the Van Niel hypothesis suggested that the unique event of photo- 
synthesis was an oxidation- reduction reaction driven by chlorophyll in a photo- 
activated state. Since then, the oxidation- reduction nature of the process 
has been established beyond question. 

The Energetics of Solar Radiation and 

is 14, IS, 38 ,52 

The energetics of photosynthesis in nature are constrained by the nature 
of living matter and by the spectrum of sunlight reaching the earth' s surface. 
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Most of the ultraviolet (UV) light below about 300 nm is absorbed by ozone in 
the upper atmosphere and never reaches the earth. Infrared radiation (IR) 
is absorbed by the water that universally surrounds living matter and by 
atmospheric water vapor, thus having no chemical effect. As a consequence, 
the range of wavelengths available for photosynthesis is from about 300 to 
1300 nm. 

In nature, every part of the spectrum from ?00 to 950 nm is absorbed (and 
is thus available for utilization) by one organism or another. Green plants, 
in which photosynthesis involves the splitting of water, primarily absorb 
radiation in the visible range (from 400 to 700 nm). This represents about 
half of the total solar radiation that reaches the earth's surface: The other 
half is in the infrared range. 

The energy content of light is inversely proportional to its wavelength, 
and the energy content of photons in the visible spectrum ranges from about 
70 kcal/Einstein* at 400 nm to about 40 kcal/Einstein at 700 nm. Thus, the 
energy of the solar radiation available for photosynthesis is limited to the 
range of from 40 to 70 kcal/Einstein, far less than the energy required to 
break the oxygen-hydrogen bond (about 111 kcal/mole). Furthermore, effi- 
cient conversion of the absorbed solar energy requires its utilization in incre- 
ments as small as 40 kcal/mole. 

Series Model for Photosynthesis*^'*®'^*®®'^^'^® 

The series model, which came into vogue in the early I 96 O' s, is shown in 
Figure 7-1. Essentially, this figure is a flow diagram of the electron trans- 
port during the photosynthetic process in the context of the electrochemical 
potential at which the electron exists (a measure of the energy of the electron, 
or its reducing power) at various stages of the process. Thus the ordinate 
denotes the chemical reducing power of the negative ion in which the electron 
resides, and the horizontal progression denotes the chronological or chemi- 
cal sequence of the transport. The arrows show the direction of electron 
flow. 

The photochemical reaction in photosystem II (PS II) generates a strong 
oxidant, Z^, which is capable of liberating oxygen from water, and a weak 
reductant, Q . A second photochemical reaction, in photosystem 1 (PS I), 

1 Einstein = 1 mole of photons. 
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Figure 7-1. TWO-QUANTUM-SERIES MODEL OF ELECTRON 
FLOW IN PHOTOSYNTHESIS 
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generates a weak oxidant, P^, and a strong reductant, X*, which has a poten- 
tial more negative than that of the hydrogen electrode. The two systems are 
connected in series by the reaction of Q~ with through an elaborate electron- 
transport system. Together, the two systems generate an oxidant strong 
enough to oxidize water and a reductant strong enough to reduce hydrogen ions 
to molecular hydrogen. 

This, then, is the basic phctdchemical process associated with photosyn- 
thesis in green plants. In addition, however, some of the exothermic energy 
released by the "down-hill" electron transfer between the two halves of the 
process, Q~— ♦ P^, is converted by unknown mechanisms to adenosine tri- 
phosphate (ATP), the universal medium of energy exchange in biological pro- 
cesses of all kinds. 

The thermodynamic requirement for the photosynthesis reaction (or for 
the splitting of water) is about 114 kcal/2 molest 


“t CO 2 -I CH2^ "t ^ 2 ^ O 2 ^p 29 S * "t 1 1 4 kcal/mole 
2 H 2 O -»02+ 2H2/iF29B® +113.4 kc al/ mole 

The fundamental problem with photosynthesis or with solar photolysis of water 
is supplying the large endothermic energy requirement ft'orn the relatively 
small increments available in sunlight. 

To put this in proper perspective, it Is necessary to remember that photo- 
chemical energy acts upon matter through the electrons on a one-to-one basis — 
i. e. , the energy of one quantum of light is transferred (at varying efficiency) 
to one electron. In this sense then, the energy of a photon is analogous to 
electrochemical potential in that it represents the available free energy per 
electron rather than per mole of product. On this basis, 40 kcal/Einstein 
corresponds to an electrochemical potential of 1, 74 volts,' which is more 
than sufficient to split water. (The theoretical voltage requirement for split- 
ting water is 1. 23 volts. ) 

The reduction of carbon dioxide to CH 2 O and the evolution of oxygen from 
water are processes that invol.o the transfer of four electrons per molecule — 
i. e. , the primary photochemical process must occur at least four times to 


* 1 volt « 23. 053 kcal. 
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reduce one carbon dioxide naolecuie and to evolve one oxygen molecule. On 
this basis, the quantvim requirement for photosynthesis would be at least 4 
quanta per molecule, if the primary reaction is driven by a single quantum as 
originally assumed. If this is the case, the thermodynamic efficiency would 
be about 7 1 % < 

In the early 1920' s, experimental determinations by O. Warburg, using 
manometric techniques for the measurement of the oxygen and carbon dioxide, 
appeared to confirm that the quantum requirement for photosynthesis is four. 
However, more realistic estimates of the energy requirement, which include 
the probable thermodynamic losses in the process, suggested that the actual 
requirement must be in excess of 4 quanta per molecule. On this basis, the 
primary photochemical process would require at least 2 quanta of light for 
each electron an overall minimum requirement of 8 quanta per molecule. 
This initiated a controversy that lasted 30 years. It was finally established 
that each electron transfer does, in fact, require two photochemical reactions 
for each electron — a total quantum requirement of eight per oxygen mole- 
cule evolved, thus indicating a thermodynamic efficiency limit of about 35%. 

However, the problem was not then resolved by direct experimental mea- 
surement of the quantum requirements for oxygen and carbon dioxide exchange. 
Instead, the initial evidence for a two-quantum primary photochemical process 
came from a fascinating series of studies on the effect of monochromatic light 
of varying wavelength on the efficiency of photosynthesis. The results of these 
studies led to the Z scheme (or series model) of photosynthesis, which postu- 
lates that the primary photosynthetic process actually involves two separate 
photochemical systems that act cooperatively in series and that are connected 
by an electron- transport system that utilizes cytochromes. Furthermore, 
photosynthesis can occur only when both systems are operative, either simul- 
taneously or consecutively. The overall photosynthesis reaction is then com- 
pleted by coupling the photochemical reactions to the "dark" enzymatic reac- 
tions (i. e. , those that occur in the dark) required to allow Z to oxidize water 
to oxygen and X' to reduce carbon dioxide to glucose. 

Possible Approaches to Hydrogen Production 

The above analysis indicates that it is theoretically possible to split 
water into hydrogen and oxygen if alternative processes can be found for 
the enzymatic reaction of X”, Although it appears to be universally true 
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that the reducing power, X", generated by green-plant photosynthesis is 
always used to reduce carbon dioxide to cell material, biological hydrogen 
production by photochemical processes, as well as dark processes, has been 
observed. The study of these processes has resulted in the suggestion of a 
n\imber of approaches to photosynthetic hydrogen production. 

Hydrogen Production by Natural Biological Frocesses ^^ 

Certain bacteria and algae contain enzymes, such as hydrogenase, and 
are capable of catalyzing the reduction of hydrogen ions to molecular hydro- 
gen. 7,19,25,33,59 Such organisms do, in fact, product hydrogen under certain 
conditions by photochemical reactions, as well as by the dark reactions. 

Hydrogen is produced by a number of anaerobic microorganisms, notably 
the Clostridium types, during the anaerobic metabolism (fermentation) of 
carbohydrate. The hydrogen donor in these systems is organic and is usually 
formic or pyruvic acid, intermediates in fermentation. Thus hydrogen is 
actually produced as a by-product. 

Hydrogen can also be produced by a number of photosynthetic bacteria that 
contain nitrogenase, an enzyme for fixing nitrogen. However, hydrogen is 
only produced by growing cells in the absence of nitrogen and by certain nitro- 
gen metabolites on a substrate such as glutamic acid, which contains both the 
nitrogen and carbon required for growth. Cells in the resting stage, how- 
ever, can produce hydrogen almost quantitatively from substrates such as 
acetic, succinic, and malic acid: 

C 2 H 40 g+ 2HP 2 CO 2 + 4H2 

Thus in ?^he case of photosynthetic bacteria, the hydrogen donor for hydro- 
gen production is also primarily organic, and no species has been found in 
which water is the ultimate source of the hydrogen produced. This is con- 
sistent with the fact that photosynthetic bacteria do not incorporate photo- 
system II. 

Until recently, no case had been found in which water was the substrate 
or in which PS II participated^ but certain algae, containing hydrogenase 
or nitrogenase, have been found that, after anaerobic adaptation, do produce 
hydrogen phot oc hemic ally. Because the algae show photosystem-ll activity, 

the possibility exists that water could be the source of the hydrogen produced. 
In all cases, however, the rates of photohydrogen production have been very 
slow compared with the rates of photosynthesis. 
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Still« the biochemical mechanisms involved in biological hydrogen pro- 
duction are not well understood. The process appears to be primarily asso- 
ciated with anaerobic conditions and processes. (Hydrogenase is oxygen 
sensitive. ) Its function appears to be regulatory in nature. Gray and Gest 
state 5 

"In heterotrophic organisms, the anaerobic mode of growth 
poses special problems ior the cell with respect to the dispo- 
sition of electrons from energy- yielding oxidation reactions. 

This is particularly so when the overall adenosine triphos- 
phate (ATP) requirement for biosynthetic activity can be sat- 
isfied only by degradation of a relatively large quantity of an 
organic compound that serves as the energy source. Accord- 
ingly, various kinds of specific controls are necessary to 
regulate electro'^ flow in the metabolism of strict and facul- 
tative anaerobes. One of these is reflected by the ability of 
many such organisms to dispose of excess electrons in l^e 
form of such molecyl{^r hydrogen (H 2 ) through the activity of 
hydrogenases, which, in effect, catalyze the reaction: 

2e" + 2H‘‘‘ -* H 2 

From a general standpoint, the formation of molecular 
hydrogen can be considered a device for disposal of electrons 
released in metabolic oxidations. " 

Kok also suggests that the function of hydrogen formation in algae is to 
"prime the photochemical pump under anaerobic conditions. " He further 
suggests that algae frequently encounter anaerobic conditions under which the 
photosynthetic electron-transport chain is reduced, thus effectively blocking 
flow. However, utilization of the electrons to reduce hydrogen ions effec- 
tively primes the pump by converting the electron-transport system back to 
the oxidized state, thus allowing photosynthesis to proceed. Land plants, on 
the other hand, never encounter anaerobic conditions and thus contain no 
hydrogenase. 

Thus the hydrogen-production mechanism does exist in photo synthetic 
bacteria and in algae, but its function is regiilatory rather than primary in 
nature. Indeed, an organism in which the photosynthetic apparatus has been 
subverted to produce hydrogen rather than cell material can no longer be con- 
sidered a viable, self- reproducing system. Furthermore, the aerobic water- 
splitting and anaerobic hydrogen- production functions are not compatible 
because hydrogenase is highly oxygen sensitive. Thus it would appear that 
the direct production of hydrogen and oxygen from water by living organisms 
has a very low probability of success. 
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Recently, however, a nitrogen- fixing algae species, Anabaena cylindrica , 
has been found that under certain conditions does, in fact, evolve oxygen and 
hydrogen simultaneously under the influence of light while in a growth stage.® 
This discovery could be important, if not as the basis for solar conversion, 
at least as a guide to how it might be accomplished in vitro . 

Anabaena cylindrica is a heterocystic filamentous nitrogen- fixing alga in 
which the nitrogenase activity apparently exists in distinctly differentiated 
cells located at intervals among the vegetative cells of the filament. In the 
vegetative cells, photosynthesis occurs as visual, splitting water to produce 
oxygen and, with carbon dioxide, cell material. However, some of the ca.-bo- 
hydrate so produced is supplied to the nitrogenase containing cells (hetero- 
cysts) as feedstock for photosynthetic nitrogen fixing. Thus the two types of 
cells have a symbiotic relationship. 

Typical of nitrogen- fixing species is that hydrogen, rather than fixed nitro- 
gen (ammonia) is produced when nitrogen is excluded. 5 , 25 , 26 Because nitro- 
genase is oxygen sensit.ve, nature apparently developed heterocysts to sep- 
arate the aerobic photosynthetic process from the anaerobic nitrogen fixing. 
Thus both oxygen evolution and hydrogen (ammonia) production can coexist in 
the same organism, although in different cells. ® 

Usually oxygen production is several times greater than nitrogen produc- 
tion. However, after several days of nitrogen starvation, oxygen production 
decreases, and hydrogen production increases. Thus it may be possible to 
control the stoichiometry — unfortunately, however, at the expense of solar- 
conversion efficiency. ® It is presumed also that a nitrogen nutrient would 
have to be supplied. On the other hand, it may be possible to find or to 
develop genetically improved strains. 

Similar possibilities exist for certain plant- nitrogen fixing algae systems 
that normally live in symbiotic relationship. One such system consists of 
Anabaena azollae , a blue- green algae, and Azolla, a genus of water ferns. 

This system has been used in Asia as a fertilizer and as animal food, and 
nitrogen- fixing rates of up to 125 Ibs/yr-acre have been reported. Recently 
G. A. Peters (of Kettering Research Laboratory) has shown that the algae, 
when separated from the fern, continues to fix nitrogen for up to 12 hours at 
a somewhat reduced rate and without further growth. Thus it appears that 
the algae depends upon the fern for at least some of its nutrients (presumably 
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carbohydrate) and supplies its partner with nitrogen. It might be possible, 
with such systems, to cont'*'oi the hydrogen- oxygen stoichiomery under nitrogen- 
starvation conditions by controlling the relative algae/ fern ratio. Again it 
would be necessary to provide nutrient nitrogen. 

The Nature and Efficiency of Nitrogenase Reductions 

There has been considerable research on biological nitrogen fixing for 
the production of ammonia, as well ao of hydrogen, since I960 (when nitro- 
genase was first isolated). 26,40 However, the nature of nitrogenase and 
the reaction mechanisms involved are not well understood. 26,65 Both ATP 
and an energy- rich substrate, such as pyruvate or possibly reduced nicotin- 
amide-adenine dinucleotide phosphate (NADPH), are required. The reductive 
input to the system appears to involve an iron-containing enzyme similar tc 
the ferredoxins that mediate the reduction of nicotinamide -adenine dinucleo- 
tide phosphate (NADP) to NADPH in photosynthesis. Nitrogenase is also a 
complex enzyme, containing both iron and molybdemun. The system is 
remarkably versatile in that it can bring about the reduction not only of nitro- 
gen and hydrogen ions, but also of a variety of unsaturated compounds, such 
as that of acetylene to ethylene. The acetylene reduction is used as a quanti- 
tative monitor of nitrogen- fixing rates. 

Unfortunately, the nitrogen-fixing reaction is extremely inefficient. Hardy 
and Havelk estimate 26 that a minimum of 24 moles of ATP are required for 
the reduction of one molecule of nitrogen. As a result, it has been estimated 
that almost 20% of the photosynthate produced by ligumes is used by the 
associated nitrogen- fixing species to fix nitrogen. Thus ammonia or hydro- 
gen production is apparently accomplished at a high cost to the efficiency of 
photosynthesis, at least in natural symbiotic systems. (No efficiency data 
were given by Beneman® for the heterocystic-algae case. ) 

Genetic Engineering 

A number of suggestions have been put forth concerning the use of "gene- 
tic engineering" for developing strains of organisms or plants to solve many 
of these problems. Certainly, the genetic approach has had so*me spectacular 
successes in bringing about the "green revolution" in conventional agriculture. 
Until recently, however, these techniques had been aimed primarily at increas- 
ing food and lumber production. Broadening of the genetic approach to 

include energy production is obviously justified. 
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Proposals to develop mutant, or "engineered, " organisnas to produce 
stored energy in a form other than cell material are much more difficult to 
evaluate# First, the science of molecular genetic manipula- 
tion is in its infancy, and evaluating the chances of success is difficult. 

Second, such organisms, if developed, would not be growing, self-repairing, 

8 elf- reproducing systems and therefore would require maintenance and 
stabilization. 

The possibility does exist, however, that such systems may be amenable 
to stabilization for long "catalyst" life. Furthermore, the "spinoff" results 
from such studies may contribute to the development of high-efficiency conver- 
ters of solar energy to more conventional cell-material energy. 

In Vitro Processes 

The feasibility of coupling the hydrogenase (and nitrogenase) activity to the 
photosynthetic process PS I in green- plant chloroplasts was demonstrated in the 
laboratory as early as 1961.* However, in these experiments, PS II activity, 
and therefore oxygen evolution, was effectively blocked; and an artificial elec- 
tron donor was substituted. 

By 1973, however, Benemann et al . ^ actually demonstrated that hydro- 
genase activity can, in fact, be coupled to the photosynthetic apparatus of 
green plants to produce hydrogen and oxygen in the laboratory. Inhibition 
of the hydrogenase activity by the oxygen produced was minimized by con- 
tinuous flushing with argon. However, the rates of hydrogen evolution were 
relatively slow compared with those in experiments in which oxygen evolu- 
tion was blocked (by inhibition of PS II and substitution of an artifical electron 
donor) or scavenged by glucose oxidase. The results indicated that the oxygen 
inhibition of both hydrogenase and ferredoxin is a problem that must be solved 
before further development can proceed. 

Since 1973, Kaplan has been able to purify Clostridium hydrogenase and 
immobilize it on glass surfaces. In the immobilized form, the hydrogenase 
appears to be stable in the presence of oxygen. Similar suggestions have 
been made by various workers in the field. 

Another approach to coupling hydrogenase to photosynthesis has been 
suggested by L. O. Krampitz at Case Western Reserve University. 

Instead of direct coupling, he suggests that the photosynthetic apparatus of 
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i i green plants be used to produce a stable reduced species (in the absence of 
. . carbon dioxide) that can be converted to hydrogen by hydrogenase in a second 

[ f step, without the inhibiting effect of oxygen. Again, the feasibility of this 

approach has been demonstrated in the laboratory with triphosphopyridine 

, i nucleotide (TPN) as the electron acceptor. TPN is an alternative term for 

L j 

NADP — the natural hydrogen acceptor in photosynthesis that, in the reduced 
form, mediates the reduction of carbon dioxide. It is a fairly complex, but 
stable, chemical species, 

{ ^ In the first- stage reaction, TPN was added to a suspension of spinach 

chloroplasts and ferredoxin, which was then illuminated. The reaction pro- 
duced oxygen and reduced triphosphopyridine nucleotide (TPNH). The 
' • TPNH was then subjected to Clostridium hydrogenase and ferredoxin, in a 
second- stage reaction, to evolve hydrogen. Thus the feasibility of a two- 
M stage process was demonstrated in terms of a fairly complex biological 
chemical: 

hv 

HP + TPN — > l/ZOj + TPNHj 
Chi 

i i 

hydrogenase 

TPNHj ► TPN + 

I : 

- ^ Obviously, a simpler, more stable first-stage electron acceptor is desirable 
and is being sought. ^ 

f ' 

It is apparent that hydrogen can be thermochemically produced from any 
stable, reduced product of photosynthesis. The most obvious thermochemi- 
[ ^ cal process would involve the use of natural photosynthetic products (such as 
carbohydrate) to reduce water. However, other possibilities exist. For 
I : example, it has been known since 1937 that slurries of chloroplasts (isolated 

from green leaves) with a suitable electron acceptor, such as benzoquinone, 

I ’ will evolve oxygen and yield hydroquinone when illuminated with visible light 
(the Hill reaction). *5*52 xhus, the following two-stago, water- splitting cycle 
I can be visualized: 

hy 

2 Hp + 2 Q 2QH2 + O2 

^ 2 QH 2 2Q + 2 H 2 

catalyst 

|i 

•i* 
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Unfortunately, only a portion of the total reducing power of the photo- 
synthetic apparatus (that is, only PS II) is utilized in the Hill reaction. How- 
ever, the reducing power of the whole photosystem is available, as shown in 
the studies by Krampitz^ and Benemann et al.®'* Thus it may be possible 
to find a terminal oxidant for photosynthesis that yields a stable reduced 
species from which hydrogen can be produced by a thermochemical second 
stage. 

Cell- Free Reconstituted Sys terns 

Understanding of the photosynthesis process and biological hydrogen for- 
mation is sufficient to have stimulated proposals for in vitro systems recon- 
stituted from the various components of the natural systems. In this way it 
might be possible to physically separate the aerobic and anaerobic functions. 
However, because membrane structures and coupling mechanisms are two 
large unknowns at this time, the potential for this approach lies in the future. 
Also, because these then are no longer living, growing species, maintenance 
or stabilization of the very complex, delicately balanced system becomes of 
paramount importance. 

As we have seen, the stabilization of hydrogenase appears to have been 
accomplished, However, stabilization of the photosynthetic system will 
presumably present a much more difficult problem. Unfortunately, the 
photosynthetic systems in chloroplasts are, for reasons unknown, highly 
degradable, so the Hill reaction lasts only a few minutes. Similar photo- 
lytic catalysts with improved stability can be prepared simply by lyophili- 
zation of whole photosynthetic bacteria or algae. These preparations have 
shelf stabilities of up to 1 year, and their catalyst life is increased from a 
few minutes to a few hours. 

Stabilization of the photocatalytic system is now recognized, in the field, 
as a high-priority goal."** However, this recognition has come only recently, 
with the realization of the energy crisis. Thus, work toward this goal is just 
beginning, 

Two-Stage Photochemical and Fermentation Processes 
Fermentation of Photo synthe tic Residues 

Obviously, it is possible to produce hydrogen and oxygen from water by a 
conventional two- stage process with living and growing organisms — that is, 

158 


INSTITUTE 


0 F 


GAS 


TECHNOLOGY 


8962 


8/75 

by the secondary conversion of photosynthetic marine or agricultural residues 
to hydrogen by anaerobic fermentation or by the action of photosynthetic bac- 
teria. Such processes have been proposed, hydrogen production by 

fermentation with clostridial species actually has been performed commer- 
cially.^ However, hydrogen is produced in such processes only as a by-product 
of the primary production of alcohols, ketones, or fatty acids. Presumably, 
better strains could be developed to maximize hydrogen production. Also by- 
product alcohols and fatty acids might be converted to hydrogen in separate 
reactions by other bacteria. However, such processes would merely repre- 
sent alternative methods for converting primary photo synthetic products to 
useiul fuels such as methane or cellulose. Furthermore, methane processes 
are much closer to commercial feasibility. Wolfe believes that a relatively 
modest investment (~ $ 1 million) in basic research on methane fermentation 
would result in substantial technical and economic improvement. 

We do not discount the potential for hydrogen or methane production from 
carbonaceous photosynthetic residues, particularly those that would otherwise 
be waste materials (e. g. , sewage or garbage). However, this potential is 
tiltimately subject to the basic limitations on the efficiency at which solar 
energy can be converted in marine and agricultural residues to feedstock for 
hydrogen or methane production. 

Nonbiologic al Photolysis 

It seems likely that nonbiological water photolysis that utilizes a sub- 
stantial portion of the available solar flux will require the coupling of two or 
more photocatalytic (or stoichiometric) reactions in a closed cycle in order 
to bridge the energy gap. In photosynthesis, two photochemical processes 
are coupled "in series" via an elaborate electron-transport chain so that a 
net electrochemical potential of about 1. 2 to 1.4 volts is imparted to each 
electron involved, and the reaction is accomplished in one integrated step. It 
may be possible to accomplish this in the laboratory, but at present it appears 
difficult. 

There are, however, other ways to accomplish the same objectives. For 
example, it should be possible to electrochemically couple certain photo- 
chemical reactions. In particular, the overall potential needed for splitting 
water might be provided in smaller increments by coupling two or more 
electrochemical cells in series. 
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Fujishima and Honda have dennonstrated an effective means for coupling 
the photochemical sensitization of n-type semiconductors to the production of 
hydrogen and oxygen from water. This was accomplished simply by using the 
irradiated titanium dioxide (TiOj) semiconductor as the anode of an electro- 
chemical cell in series with a platinum-block cathode. The photochemical 
and electrode reactions are presumed to be as follows: 

4hv •* 4p^ + 4e" 

TiOz 

4p''' + 2HgO -*02+ 4H'*' - 1. 23 V 

4e" + 4H''' ■* ZHz 0. 0 V 

4hV + 2 H 2 O -*02+ 2 H 2 +0. 5 V 

The anode was irradiated with 415 nm light ('^3, 0 volts), corresponding to the 
band gap of Ti02- The electromotive force (EMF) of the completed cell was 
0. 5 volt. Thus, the photochemical reaction must have generated an electro- 
chemical potential of 1. 73 volts (1. 23 + 0. 5). This corresponds to a quantum- 
energy-conversion efficiency of abi'ut 58% (about the same as in photosynthe- 
sis). Unfortunately, the quantum efficiency was only about 10%, and the pro- 
cess can utilize less than 10% of the solar spectrum. However, the experi- 
ment is important because it illustrates a practical method of utilizing photo- 
chemically generated electrochemical potential. 

This approach is also being studied in a NASA- sponsored program at 
M. I. T. under the direction of M. S. Wrighton, Their work, in general, 
confirms the work of Fujishima and Honda, although the electrolysis actually 
requires a 0. 2- volt assist. This program will explore Ti02 and other 
semiconductor systems, as well as other variables in the system. 

Similarly, other photocatalyzed reactions could be used as half- cell com- 
ponents of an electrochemical cell. Unfortunately, however, the potential 
generated by photocatalytic reactions that utilize significantly longer wave- 
lengths of light will not be sufficient to split water. Such reactions do, how- 
ever, result in the storage of energy or in the generation of electrochemical 
potential. The problem then becomes one of coupling the incremental ener- 
gies generated by the partial reactions into a multistage process that will 
result in the splitting of water. 
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Ohta and Kamiya have suggested^* that electrochemical potentials of less 
than 1. 23 volts can be used to assist the electrolysis of water by convention- 
ally generated electricity. For example methylene blue (MB) and ferrous ions 
generate an electrochemical potential of about 0. 2 volt when irradiated: 

ZFe’^'^ + !!■*■+ MB’*" ¥ ZFe'^’*’^ + MBH 

If such a cell were placed in series with a water- electrolysis cell, the poten- 
tial required for electrolysis would be reduced by about 0. 2 volt — a rather 
small assist. Alternatively, it might be possible to use a stack of eight such 
cells in series to generate a potential of 1.6 volts (ignoring overvoltage), 
which would be sufficient for the electrolysis of water. However, the solar- 
energy- conversion efficiency worJld be reduced to a maximum of about 7% of 

absorbed energy. 

Ohta and Kamiya have also demonstrated that three complex dye systems 
in series can generate significantly greater EMF values ('^0.6 volt) and a 
negative potential at the anode close to that of the hydrogen electrode. Thus 
they have a prototype for an anode that is almost capable of reducing hydrogen 
ions to molecular hydrogen. Their paper, however, did not give detail suffi- 
cient for evaluation of whether this series utilizes one or two photons per 
electron. If it is a two-photon event, the solar- energy- conversion efficiency 
is probably no greater than that for each individual cell. In any case, only 
the anode portion of the cell was studied. Thus coupling into a complete 
electrochemical cell has not been achieved. 

On the other hand, to our knowledge, none of the photochemical reactions 
discovered thus far appear to be able to generate an oxidant strong enough to 
liberate oxygen at the cathode (utilizing the longer wavelengths of light). How- 
ever, the approach is valid, although on the basis of current knowledge, such 
processes will probably be very complex, as illustrated by the proposal by 
Graves and Stramonde^^ that utilizes three half-cell reactions based on organic 
dyes (one with a cyctochrome redox system), hydrogenase to evolve hydrogen, 
and a six- stage thermochemical cycle to evolve oxygen. Obviously, photo- 
chemical half-cell reactions that are capable of bridging a much larger por- 
tion of the 1. 23- volt energy gap are needed. This would increase efficiency, 
as well as simplify the coupling problem. 
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Efficiency of Solar Utilization 3z>33 

The Basic Photosynthetic Process 

Ideally, the above formulation indicates that photosynthesis utilizes 8 
Einsteins of light at an energy of 40. 8 kcal/Einstein to produce the free- 
energy equivalent of 2 moles of hydrogen plus 1 mole of oxygen. Thus the 
maximum internal thermodynamic efficiency of the process is about 35% 

[114 kcal/(40. 8 X 8)] of the energy received by the reaction center. In 
actuality, however, the reduction of carbon dioxide to carbohydrate requires 
about 4 molecules of ATP, in addition to the light- generated reducing function 
(NADPH). About half of the ATP requirement is generated by the exergonic 
electron- transport system at no cost in light energy. The other half, how- 
ever, is generated by photophosphorylation and apparently requires two extra 
quanta of light. The maximum thermodynamic efficiency for producing carbo- 
hydrate, therefore, is actually closer to 28% of the energy received. 

These calculations are in agreement with similar estimates made on the 
basis of charge separation produced by 700-nm light {>» 1. 77 volt). Thus, at 
an efficiency of 56%, 700-nm light produces a charge separation of about 1 volt. 
A total of two quanta, at 1. 77 volts each, produces a net charge separation of 
about I, 23 volts — an overall efficiency of about 35%. Thus the thermo- 
dynamic efficiency at which the process utilizes the energy delivered to the 
reaction center is relatively high. 

To convert the above efficiencies to solar-utilization efficiency, we must 
allow for two other factors; 

• In order to utilize light energy at a constant 1. 77 volts, higher energy 
photons have been degraded to that level. The average wavelength of the 
light absorbed is about 550 nm, which corresponds to an energy of 2. 25 
volts (or 52 kcal/Einstein). 

• Only about 45% of the solar spectrum is in the 400 to 700-nm range. 

Taking these two factors into account, the actual maximum utilization 
efficiency should be 22% [114/(10 X 52)] of the light absorbed, or about 10%i 
of the total solar flux. There appears to be a considerable amount of experi- 
mental confirmation of the order of magnitude of this value. Kok states 
that "algae and higher plants have been grown (in weak light) with efficiencies 
approaching this value — converting 20% of the absorbed solar radiation 
(~550 nm). " Of course, this is under ideal laboratory conditions. However, 
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solar-utilization efficiencies as high as from 5% to 6% have been measured on 
a daily basis, under field conditions, for crops such as corn and sugar cs.ne.^^>^ 
Thus a maximum practical efficiency of lOfo does seem reasonable. 

Marine and Agricultural Photosynthesis ^^ 

The solar utilization efficiencies found in nature, on the other hand, are 
substantially lower that 10%. Kok states^* that "net production in the field 
seldom exceeds 2% ; typical values are 0. 5% to 1. 5% (3 to 10 kW/acre). " How- 
ever, he indicates that annual efficiencies of from 4% to 5% have been observed 
and cites efficiencies of 3% for sugar cane and ~ 2% for forestry on the south 
coastal plains. Lioomis et al . as well as Schneider,®* generally confirm 
the order of magnitude of the above-quoted efficiencies, on an annual basis, 
for a number of crops. However, both show data indicating that daily effi- 
ciencies that approach 6% can be achieved with certain crops, such as corn, 
sugar cane, and tropical grasses. It is significant that, although the highest 
daily efficiencies for corn and sugar cane are about the same, the annual 
efficiency for sugar cane is about twice that for corn because of the length of 
the growing season. Thus annual efficiencies tend to be higher nearer the 
equator. It seems probable that annual efficiencies might actually approach 
the average daily efficiencies if cropping could be carried out on a continuous 
basis rather than in batches. Examples would include mixed natural ecosys- 
tems, 6'ucb as the tropical rain forests, and a continuous algae-growth process. 

The loss mechanisms ha'*e been summarized by Schneider®* and by Loomis.^* 
Many losses (e. g. , those due to the density of the ground coverage, grazing 
and insects, or lack of nutrients) can be controlled by agricultural practice. 
Other losses, however, are more intrinsic to the photo synthetic process 
itself or to the overall plant physiology. These include— 

• In strong light, limitation of the velocity by the dark enzymatic reaction 
(most plants attaining saturation of photosynthesis at intensities below 
that of noon sunlight)®^ 

• In weak light, a decrease in net efficiency brought about by respiration 
and other factors^^ 

• F'urther limitation of the maximum rates by the availability of water; 
organic nutrients (such as nitrate ions, N03~ ): and, in particular, 
carbon dioxide 

• Consumption by plants of a significant fraction of their gross production 
(< 50% ) for their own maintenance (respiration)*'* 
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Each of these factors, particularly photorespiration and light- saturation 
intensity, varies considerably among different plants. Thus plant breeding 
and genetic manipulation could lead to significant improvements in the effi- 
ciency of photosynthesis in practice. 

Potential Efficiencies of Artific al jn^Vitro P rocesses 

Reconstituted in vitro photosynthesis, if it could be developed, could 
eliminate the need for rsspiration, as well as ATP formation. This would 
reduce the quantum requirement .from 10 to 8 Einsteins per mole of oxygen 
evolved and would increase the theoretical maximum efficiency to 13. 7% of 
the solar flux. Furthermore, because such processes could be carried out 
on a continuous (rather than batch) basis, the annual efficiencies would 
approach maximum. On the other hand, the energy required for control and 
maintenance of such systems would certainly reduce the overall efficiency. 

Current Status and Futurq Prospects of 
Photosynthesis Research 

The photosynthesis model presented in Figure 7-1 is consistent with the 
known experimental data, although other models can probably be devised to 
explain the same data. Clayton suggests that the figure is a reasonable con- 
sensus as of 1970. However, the model, as it stands, is still incomplete. 

The general state-of-the-art and the problems yet unsolved are discussed 
below. 

Electron-Transport System 14 , 15,52 

The electron- transport system connecting the two photochemical half-cell 
reactions has been fairly well elucidated. *4,15,52 detail presented in 

Figure 7-1 primarily serves to illustrate the complexity of the transport 
chain. Each of the electron carriers shown (and there are probably more) 
is a complex chemical entity attached to or in the form of a protein. Fur- 
thermore, the relative amounts of the carriers vary. For example, there 
are 10 equivalent of PQ for every Q, two equivalent of cyt bssg for every 
cyt f, and one of PIC for every P 7 oo* Thus the difficulties that might be 
anticipated in trying to stabilize such a system for use in vitro or in trying 
to construct a synthetic electron-transport system become evident. 
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Carbon Dioxide Reduction ' 

The ultimate electron acceptor in the photosynthesis process is actually 
NADP, a complex biological chemical. As indicated in Figure 7-1, NADP 
is reduced by the photochemical reductattl, X”, through a second electron- 
transport chain involving several more coiiiplex ensyme species, including 
an iron- containing ferredoxin. Although the sequence of these carriers has 
been reasonably well established, the nature of the photochemically pro- 
duced reductant itself is vmknown. Furthermore', the manner in which the 
electron-transport chain is coupled to the primary reductant is still a mystery. 

NADPH (the reduced form of NADP) and ATP reduce carbon dioxide to 
carbohydrate. This process has been named the Calvin- Benson cycle: Eluci- 
dation of the mechanisms involved in the reduction earned Calvin and his 
associates at Berkeley a Nobel Prize. 

Oxygen Evolution and PS II 



y 


0 

0 

0 
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The electron donors and acceptors immediately surrounding chlorophyll a 
in PS 11 remain unidentified. The electron acceptor, Q, is presumed to be a 
quinone. Even less is known about the nature of Z (the oxidizing agent) and the 
reactions and reactants mediating the oxidation of water to oxygen. (It is 
known that manganese and chloride ions are somehow involved because 
extraction thereof effectively stops oxygen evolution. ) 

The generation of oxygen is one of the more critical steps in the whole 
process because it involves the molecular mechanism by which a chemical 
process is coupled to a photoactive membrane system (which, incidentally, 
can be synthesized in the laboratory^®). Thus, if we knew how to couple 
such a membrane to a chemical or voltaic process, photosynthesis might be 
reproducible in the laboratory. In any case, the lack of analytical success 
suggests that a greater emphasis should be placed on the synthetic approach. 

Stoichiometric Pathways 

The model, as currently formulated accounts for a single-electron pro- 
cess. However, the release of one oXyj;en molecule requires the accumula- 
tion of four electrons at a specific energy level. How this is accomplished is 
not well understood. Again this emphasizes the complexities, as well as the 
lack of understanding, of the mechanism by which a chemical reaction is 
coupled to the primary photochemical species. 
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Photo phosphorylation >5, 38, 4 1, 49 , 52 

In addition to the production of reducing power (NADPH), photosynthesis 
also results in the storage of ene.tgy in the form of ATP, which is the univer- 
sal medium of energy exchange in biological processes. Although we are 
primarily interested in the reducing power generated by the photosynthetic 
process, consideration of the mechanism by which the phosphorylation pro- 
cess is coupled to the electron-transport system may lead to a better xinder- 
standing of the process as a whole. 

Phosphorylation appears to be of vital importance to many or all mem- 
brane processes in which active ion-transport occurs. In 1970, A. Li 
Lehninger stated 

"There can be no doubt that the most central and overrid- 
ing problem we face today in the study of photosynthesis and 
respiration is the nature of the chemical and physical events 
involved in the conversion of electron-transport energy into 
phosphate bond energy. In both processes we have chains of 
electron- carrying proteins which are fixed in membranes, the 
structure of which is vital for their function. In both cases 
electron transport can lead nc^ only to ATP formation, but 
also to transport of ions as across the membrane. . 

Until recently, it was assumed that t^e coupling is chemical in nature, 
although the required chemical intermediates have never been identified. 
Furthermore, the chemical coupling hypothesis does not explain the neces- 
sity of a membrane structure for functionality. 

More recently, P, Mitchell proposed*** that the coupling occurs not through 
chemical intermediates, but rather occurs because of the electrochemical 
state of the membrane in which the electron-transport system is arrayed. 

This view, called the chemiosmotic hypothesis, postulates that electron tranc - 
port occurs in a chain of geometrically oriented carriers within the membrane 
and is stoichiometric ally related to the transport Of hydroxyl ions across the 
membrane, which separates the inner and outer phases. Thus, an electro- 
chemical potential, estimated to be on the order of 0. 3 volt (quite sufficient 
to drive the ATP formation), is generated. * 5 ^ 54 

Experiments show that illumination Of chloroplasts is associated with a 
difference in pH across the membrane, as well as with ATP formation. 
Furthermore, Racker and Stoeckenius (at Cornell) have reconstituted 
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membranes from the photosynthetic pigxhent of purple bacteria with an ATP 
enzyme from heart mitochondria that, when illuminated, generate a hydrogen 
ion gradient and ATP. 

Whether the Mitchell hypothesis is basically correct in its present form 
or not remains unresolved. 3®»49»57 However, it has served to focus attention 
on the importance of the membrane structure and dynamics and on biological 
membranes as energy transducers. In particular, the Mitchell hypothesis 
emphasizes our lack of understanding of the relationships between biological- 


membrane structure and function. 

Nature of the Photosynthetic Unit *^*^^*^^ 

The most fundamental, as well as the most important, unknown in the 
current understanding of photosynthesis is the nature of the photo synthetic 
unit itself in terms of structure and function. The primary photoacceptors 
in photosynthetic organisms belong to a small family of closely related pig- 
ments known as the chlorophylls. The principal members of this family are 
chlorophyll a and b {Chi a and Chi b) in green plants and algae and bacterio- 
chlorophyll (BChl) in photosynthetic bacteria. Without exception, Chl^ is 
present in all organisms that carry out photosynthesis with the evolution of 
oxygen. Although the chlorophylls appear to be the primary and essential 
components of the system, they are in nature associated with a number of 
other pigments, including the carotenoids and the phycobilins (phycoerythrin 
and phycocyanin). Together, these pigments absorb most of the visible spec- 
trum of solar radiation. (See Figure 7-2. ) 

According to current views# the basic photosynthetic unit consists of 
about 300 to 400 molecules of Chi a, together with the associated pigments 
(most of which function only to "harvest*' light and to transfer energy to a 
reaction center within the unit). The efficiency of the energy-transfer pro- 
cess is in excess of 90%. 

The brief survey of nonbiologic al photolysis serves to highlight the unique 
properties of the chlorophyll photosensitizer in photosynthesis, in particular — 

• Its ability to harvest light over the whole solar spectrum and to transfer 
the energy efficiently to the reaction center 

• The photoeatalytic nature of the reaction centers and the efficiency with 
which they convert photoenergy to electrochemical potential. 
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Figure 7-2. ABSORPTION SPECTRA OF THE THREE TYPES OF 

PLANT PIGMENTS 

These properties appear to exist in nature only in photosynthesis, and both 
are derived from the nature of the chlorophyll molecule. 

Qf particular interest is the contrast between the photochemical reactions 
of chlorophyll iii solution with those occurring in photosynthesis. For example, 
Chi a in methanol is photooxidized by suitable electron acceptors — such as 
Fe , quinone, and a variety of dyes — in reactions reminiscent of the Hill 
reaction^^: 


Chi a + Fe^ 


Chl a*" + Fe'*"^ 


dark 


ZChl^fQ t ZChla'^ + QHj 
dark 
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However, the reactions are stoichiometric, and the oxidized chlorophyll 
species does not appear to be reactive with water. Furthermore, the overall 
electrochemical potential bridged appears to be on the order of only 0. 1 to 
0. 2 volt. 

Similary, Chi a can be photoreduced by certain electron donors, such as 
ascorbic acid (E^ a 0. Q), in a reaction analogous to the Krasnovsky reaction 

Chi a + ascorbic acid — *■ ChlH, + dehydroascorbic acid 

dark 

Again the reaction tends to be stoichibmetric, although ChlH 2 can be reoxi> 
dized by various electron acceptors with electrochemical potentials of up to 
0. 02 volt. Thus the maximum energy stored is only 0. 2 volt. 

In contrast, each chlorophyll reaction center in photosynthesis generates 
a charge separation of about 1. 0 volt at an efficiency of about 56% (l/l. 77), 
and the process is photocatalytic. This accomplishment has only been par- 
tially explained, but considerable progress toward understanding the process 
has been made during the last 5 years. 

Structure and Function of Chlorophyll 

Chlorophyll a is a fascinating member of the porphyrin family. It con- 
sists of a cyclic tetrapyrrole chelated with magnesium. (See Figure 7-3. ) In 
addition, the structure includes tl*e following important features: 

• An alicyclic ketone structure fused to one of the pyrrole rings, which 
appears to be conjugated to the unsaturated double-bond structures 
throughout the molecules 

• An aliphatic acid group esterified with a 20- carbon- atom aliphatic 
alcohol. 

The overall molecule is polar and hydrophilic at one end and nonpolar 
and hydrophobic at ^e other end. This strongly affects its colloidal behavior, 
particularly in nonpolar solvents and at polar-nonpolar interfaces. However, 
the most important and distinctive feature of the chlorophylls is that they con- 
tain both an electron-donor and an electron-acceptor function within the same 
molecule. 

The central magnesium atom is constrained by the cyclic tetrothydropyr- 
role structure to a coordination number of 4 and is therefore coordinatively 
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unsaturated and tends to behave as a Lewis acid (i. e. , it accepts electrons 
from an electron donor). This is quite analogous to the strong acid catalyst 
properties of silica-magnesia gel in which magnesium ions are constrained 
by the silicate matrix to a coordination number of 4 , thus generating Lewis - 
acid function. The electron-donor function is provided by the alicyclic ketone 
group ( ■ O) as a result of the fact that the energy change associated with 
the loss of an electron from the ketOne can be delocalized and distributed over 
the whole porphyrin structure by resonance of the conjugated double- bond 
system. 

As a result of its electron donor-acceptor properties, chlorophyll tends 
to form coordination complexes with itself and with other nucleophilic agents 
such as water.®® In nonpolar solvents it exists as dimers or oligomers, the 
molecular weight of which is dependent on the concentration. In polar sol- 
vents, chlorophyll forms coordination adducts. Bifunctional liquids, such as 
dioxane and water, interact with chlorophyll to produce cross-linked coordina' 
tion adducts of colloidal dimensions. Thus the structure, and therefore the 
properties, of Chi a will depend strongly On the Chemical environment in 




which it exists . 

On this basis, J. J. Katz and associates®® (at Argonne National Labora- 
tories) took a synthetic approach to delineating the nature of the antenna 
chlorophyll and of the reaction center. Thus the properties indicative of 
light harvesting and photoactivity of different synthetic chlorophyll prepara- 
tions in various colloidal states and adducted with various nucleophilic agents 
were determined and compared with in vitro reaction- center preparations. 
These studies have been quite informative. 

Comparative studies of the absorption spectra of the oligomers of chloro- 
phyll in nonpolar solvents with those Of in vivo re active -center preparations 
provide good experimental support for the hypothesis that the bulk of tlie 
Chi a in vivo (i. e. , the antenna chlorophyll) exists as high- molecular -weight 
oligomer (Chi a). The oligomers, however, show no indication of photo- 
activity, such as the photoreversible electron spin resonance signal (ESR) 



or the characterisfic shift in absorption toward the far red (P 7 oo)» both 
characteristic of the reaction center in photosynthesis. 
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On the other hand, adducts with bifunctional ligands (complexing agents), 
such as dioxane and water, show a remarkable red shift. However, of all of 
the bifunctional adducts, the 1:1 chlorophyll/ water adduct (Chl^'HjO)^ is the 
only one that shows a photoreversible ESR signal when illuminated by red 
light with a wavelength greater than 650. '.im. These results suggest that the 
chlorophyll reaction center in viyo involves a nucleophilic interaction similar 
to the water adduct, even though the red shift in the 1:1 (Chl'HjO)^^ adduct is 
much too large and the ESR signal much too narrow for specifically P 7 oo* 
However, these discrepancies can be rationalized in terms of a theory that 
suggests the red shift and ESR signal of an isolated (Chl<’H 20 *Chl} entity 
would be completely consistent with the in vivo P 700 ' 

Thus Katz postulates a model in which one water molecule inserted into a 
high-molecular-weight oUgomer, composed of about 300 chlorophyll mole- 
cules, is the photo synthetic unit. Mechanisms exist for a plausible explana- 
tion of the photochemical charge separation in such a model. Furthermore 
ESR data on Pg^s in purple photosynthetic bacteria are completely compatible 
with the special chlorophyll pair hypothesis. 



The Katz chlorophyll- pair model is also consistent with the empirical 
results of parallel analytical studies of -he reaction center of photosynthetic 
bacteria. Parson and Cogdell have recently reviewed®” the current status 
(as of March 1975) of understanding of the primary reactions in bacterial 
photosynthesis. Considerable progress has been made possible since the 
development of techniques (in I 968 ) for physically separating and purifying 
the reaction centers for the organism R. spheroides of light- harvesting and 
other components of the photosynthetic unit. These techniques led to an inten- 
sive analytical study of the nature and photochemical reactions of the reaction- 
center preparations. 

The basic chlorophyll component of the reaction center in the bacteria 
R. spheroides has been shown to consist of a complex of four BChl molecules 
plus two molecules of BChl in which the magnesiiun atom has been replaced 
with two hydrogen atoms. ESR studies of the reaction-center preparations 
indicate that when the complex loses an electron, the remaining unpaired 
electron is shared by two of the BChl molecules, and the energy transfer with 
the other two BChl molecules is broken. These observations are compatible 
with a dual- function model such as that by Katz. Furthermore, it has been 
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shown that dehydration (over phosphorous pentoxide) reversibly blocks the 
photochemical activity of bacterial chromatophores, thus implicating the water 
molecule as an integral part of the reaction center. 

These results suggest to us that photocatalytic activity, as well as the 
large charge separation produced by the reaction centers, is associated with 
dual functionality of the reaction center. Dual functionality is inherent in the 
special chlorophyll pair model by Kata: 

Chi a-HaO-Chla -* Chi a^-HjO-Chl a 

Such a dual- function catalyst provides for not only the generation of both an 
oxidant and a redUctant for photocatalytic activity; but also, perhaps, double 
the charge separation that either half- Stoichiometric, half-cell process alone 
could achieve. 

Whether the Katz or similar models are valid remains to be demonstrated. 
However, the fact remains that it has been possible to synthetically prepare 
chlorophyll films in the laboratory that exhibit, qualitatively at least, the 
light harvesting and photoactive properties of the photosynthetic, organisms. 
This accomplishment represents a large step toward synthetic photosynthesis. 
On the other hand, it has not yet been possible to couple the measurable 
photoactivity (that is, charge separation) of such chlorophyll aggregates with 
a suitable elelctron-transport system to achieve either chemical reaction or 
voltaic activity. 


Primary Electron Donor and Acceptor 

It is curious that the tihl^ generated in a methanol solution appears to 
be incapable of interacting with water directly. As a matter of fact, the 
redox potential of Chi a in methanol has been measured to be 0. 62 volt, ^^ 
clearly too weak to oxidize water (which requires 0. 82 volt), Perhaps this 
is because the Chi ion is stabilized by forming a complex with the solvent. 

The ligand effect on the stability, and therefore on the redox potential of 
metallic ions is a well known phenomenon. Thus the oxidation potential for 
the iron couple — 


Fe"'"’"'’ 4- e" Fe^'*' 


varies from as high as 1. 14 volts (with electron-withdrawing ligands such as 
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Z, 10 phenanthroline) to 0. 36 volt (with anionic electron-donor ligands such as 

— -L-L-L 

cyanide ion, CM ). The standard oxidation potential for Fe in which the 

ligand is water is 0. 77 volt.^ It is also very interesting that the oxidation 
+ + + 

potential of Fe is reduced even further in the electron- transport enzymes — 
for example, to a range of from —0. 3 to +0. 3 volt in cytochromes and to 
only —0. 42 volt in ferredoxin. 

Thus the ligand environment of the oxidant and reductant produced by the 
photocatalyzed reaction may be critical in determining the charge separation 
attained and the reactivity of the species. On this basis, the function of the 
electron-donor and -acceptor molecules immediately associated with the 
photocatalyst may be to provide the ideal ligand field for the terminal oxidant 
and reductant, thus facilitating electron transport and reaction with water. 

Support for such an effect is cited in the Parson and Cogdell review 

"The Ena values t. at have been reported for are signifi- 
cantly below that of bacteriochlorophyll in solution, which is 
+ 0. 52 vOlt in methanol and +0. 64 volt in CHgClg. . . . The E[^ 
of chlorophyll in alcoholic solution varied by 0. 23 volt, in the 
series methanol < ethanol < i-propanol. Although the effect 
awaits rationalization, it could reflect the complexing of the 
alcohol with the chlorophyll Mg atom or with the ring keto 
oxygen. " 

On the other hand, an equally important property of the primary electron 
acceptor is to quench the fluorescence of the excited chlorophyll (i. e. , to trap 
the electronic energy). Parson and Cogdell cite®® literature indicating that 
the quenching ability of electron acceptors decreases with decreasing redox 
potential (i. e. , the better the oxidant, the greater the quenching ability). 

On the other hand, the quench rates increase with increasing concentration, 
up to the point at which diffusion becomes controlling. Such factors probably, 
in part, account for the fact that photochemical reactions in solution do not 
seem to bridge a large energy gap. 

Recent studies of reaction- center preparations from bacteria (as inter- 
preted by Parson and Oogdell) also indicate that the primary electron acceptor 
of the photochemical process is an integral component of the reaction center. 
Its composition is still unknown; but both a quinone and an iron-containing 
complex (probably similar to ferredoxin) are involved in series, in parallel, 
or as an integral complex. The intimate relationship (analogous to infinite 
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concentration with no diffusion control) probably permits use of the acceptor 
with the lowest oxidation potential (i. e. > with the highest reduction potential) 
without a reduction in the trapping efficiency. 

In addition to four BC hi molecules and the iron and quinone species* the 
reaction- center complex contains three protein components of differing molee 
ular weight in a mole ratio of 1:1:1. These proteins undoubtedly have an 
important function in binding the components together and in providing the 
ideal ligand environment* For example, denaturation of the protein results 
in a drastic shift of the adsorption spectrum from that characteristic of the 
reaction center (with the major peak at 870 nm) to that of monomeric BChl 
in solution (with the major peak at 760 nm).*^»*5,s2 Because the heavier unpig- 
mented fraction can be physically removed (by detergent treatment) without 
affecting the photoactivity, the photochemical activity apparently resides in 
the two lower molecular weight fractions.^ 

Considerable information has also been gathered on the kinetics of the 
photochemical events occurring in the reaction center in terms of rates of 
absorption, fluorescence, and charge separation (ESR). In this way, the 
structural and functional relationships are gradually being elucidated, 
although no quantitative mechanism has yet emerged. The reaction center 
is apparently a dual function photosensitizer (e. g. , Chl'HjO-Chl), the photo- 
catalytic activity of which depends on an intimate relationship or eomplexing 
with an electron acceptor to trap the photonic energy that would otherwise be 
reemitted as fluorescence. The primary electron donor appears to be less 
strongly bound to the reaction center, but in reality it is probably also an 
integral component of this reaction center. Its role in quenching fluores- 
cence has not been identified, but it is nevertheless required to transmit the 
positive charge to a reactant. The redox potentials of the donor and acceptor 
species are dependent on the nature of the ligands provided and seem to be 
tailored to achieve maximum charge separation, as well as the specific poten 
tial levels required to oxidize water in PS II and to reduce NADP in PS I. 

This understanding of the reaction center and the empirical observations 
of the complex structure involved suggest that the laboratory synthesis of 
photocatalytic membranes, complete with electron transport, will require a 
major breakthrough. However, the knowledge gained thus far does indicate 
the direction for further research. 
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Nonbiological Photolysis 

The energy of the carbon- oxygen single bond is about 111 kcal/mole, 
equivalent to the energy of UV light that has a wavelength of about Z6o nm. 
Furthermore, water does not absorb UV light at wavelengths greater than 
185 nm (equivalent to an energy of 155 kcal/Einstein). Obviously, direct 
photolysis is not possible with sunlight, which does not contain UV light 
below about 300 nm. 

On the other hand, we have learned from photosynthesis that photolysis 
of water can be carried out by red light that has an energy content of only 
40 kcal/Einstein if the energy is applied incrementally to one electron at a 
time. This is analogous to the electrolysis of water, which can be driven 
by energy units as small as 28.4 kcal/Einstein (1. 23 volts). Thus the low 
energy content of the available solar radiation does not preclude the possi- 
bility of developing a relatively efficient photolysis process. It does, how- 
ever, impose rather severe constraints on how such a process can be accom- 
plished. 

It has been estimated that the theoretical maximum free energy (AG ) 
made available by absorption of light is limited by the second law of thermo- 
dynamics to about 70% of the energy of the light absorbed. Thus red light 
at 700 nm, which has an energy content of 1. 8 volts, theoretically can pro- 
vide a net free energy of 1. 26 volts (1. 8 X 0. 7), which is sufficient to drive 
the splitting of water. However, in photosynthesis, 700-nm light yields a 
charge separation of only about 1 volt (an overall efficiency of 55%). On the 
basis of a 55% efficiency, the photogeneration of 1. 23 volts would require 
quantum energy of 2. 24 volts (•^543-nm light). If 1.47 volts (corresponding 
to the reaction enthalpy) is actually required to electrolyze water, a quantum 
energy of 2. 7 volts (~450-nm light) would be required. Thus it seems 
improbable that direct, one- step photolysis or electrolysis of water can be 
accomplished, except at short wavelengths. 

Requirements for Efficient Photolysis by Sunlight 

Because watt ?’ does not absorb visible light, attainment of efficient photo- 
chemical reaction will require special considerations: 
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• For efficient utilization of the solar flux, a sensitizer must be used that 
is capable of utilizing all or a substantial part of the visible spectrum. 
Most pure chemicals absorb over a fairly narrow portion of the visible 
spectrum. Thus it may be necessary to employ one or more accessory 
pigments for harvesting light. . This, in turn, would require a mechanism 
for efficient transfer of harvested energy to the sensitizer. These 
requirements suggest that perhaps a black pigment (e. g. , a carbon or 
graphite) should be considered. However, the best possibility seems to 
be the oligomeric Chi a membranes described by Katz. 

• The photochemical reaction must be photocatalytic or capable of coupling 
to other reactions to close the cycle. Generally, photochemical reactions 
are stoichiometric and result in the oxidation or reduction of the sensi- 
tizer. Such reactions comprise only one half-cell reaction of a photocata- 
lytic reaction. Therefore, the sensitizer in its altered oxidation state 
must be capable of driving a second half-cell reaction, either in situ or 

in a separate stage, to regenerate the original sensitizer and to complete 
the desired reaction. 

• Electron- transport mechanisms will be required to couple the sensitizer 
to the reaction system or to couple one half-cell reaction to the other. 
Thermodynamic considerations suggest that at least two photocatalytic 
reactions will be required analogous to the requirement of 2 quanta per 
electron for photosynthesis. Therefore, means must also be provided 
for coupling two or more reactions into a complete system that produces 
hydrogen and oxygen from water. Conversely, thermodynamic consider- 
ations limit the number of photocatalytic reactions that can be used in 
series efficiently. For example, if photosynthesis required 4 quanta per 
electron instead of two, the maximum efficiency would be halved. 

These criteria obviously have been set up by analogy with photosynthesis, 
which is the only model we have to work from at present. From this point of 
view, it might also be useful to set up an idealized process analog of photo- 
synthetic hydrogen production as a working model. Such a model would con- 
sist of three discrete reaction stages that operated in sequence (in series) 


to split water as follows: 

hV 



2 H 2 O + 2Q 

► O 2 + 2QH2 

(1) El « 

1 

PS n 



2 QH 2 + 2P - 

— ^2Q+2PH2 

(2) E 2 « 

— 8 

hi/ 




2 PH 2 — ♦ 

2P+ 2Hg 

(3) Eg « 

1 

PS I 





hi/ 

2Hp ► O 2 + 2 H 2 E w 1.23 

PS I + n 
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The light-driven reactions, 1 and 3, require quantum energies equivalent 
to about 1 volt and are coupled through Reaction 2, which occurs spontaneously 
with the release of energy. Thus the photosynthetic model suggests that to 
accomplish the overall reaction in three stages with only light- driven reac- 
tions, it is necessary for each photochemical event to involve water directly — 
one producing oxygen, and the other producing hydrogen. Futhermore, each light- 
driven reaction must achieve a net energy input equivalent to more than 0.6 volt 
so that Reaction 2 occurs spontaneously. Otherwise a portion of the hydro- 
gen produced must be used to drive Reaction 2. However, it is possible to 
achieve a completely light-driven cycle with only two photochemical steps 
without direct involvement of water if the energy gap bridged is sufficient to 
generate products from which hydrogen and oxygen can be recovered by spon- 
taneous reactions. This would, however, require additioxial reaction Stages. 

Photoc he mical Sens itize r s 

It is not surprising that natural evolutionary processes resulted in as 
complex a phOtOcatalyst as chlorophyll.* It is difficult to find simple photosen- 
sitizers that can utilize visible light and that are capable of interacting with 
water. Most inorganic materials that can photooxidize or reduce wat^r do so 
only in the UV- light range and can therefore utilize only a small fraction of 



I the light in the visible range. Such materials, therefore, are not suitable 


for efficient solar photolysis. Examples of such reactions with inorganic 
materials include — 

^C‘e++++ HP 2Ce'‘"'"^ + 1/202^^ 


I Fe"*"^ / Fe’*"'"'' + I/ 2 H 2 28 

I Cr^'*’ + Cr’’"*'"'' 4- I/ 2 H 2 

I 

I The first of these reactions (i. e. , the ceric-ion oxidation of Water) does not 

% 

I even represent a storage of solar energy because the AG 298 reaction 

I is negative. 

The basic problem appears to be that most inorganic materials are weakly 
absorptive of light in the visible range, and those that are colored yield excited 
states (or ions) that are not capable of reacting with water. Most colored 
ions are ions of the transition metals. According to Basolo and Pearson, ^ 
most ionic complexes of the transition metals exhibit two distinct types of 
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light abBorption. Absorption of visible light is of low intensity and produces 
electronic transitions that lead hot to charge transfer, but only to weakening 

'i 

of the ligand bonding. Such effects can promote reactions such as ligand 
substitution and racemization, but not oxidation^ reduction reactions . The 
intense absorption in the ultraviolet region is of the ’’charge-transfer" type 
and is "characteristic of associated pairs of molecules, where we can iden- 
tify a charge donating group and a charge accepting group, or alternatively, 
a Lewis base and a Lewis acid, or a reductant and an oxidant. " Absorption 
of light in ihe visible range involves primarily d-orbital electrons, and "The 
intensity is low because the transitions are parity forbidden and sonaetimes 
spin forbidden. 

On the other hand, a number of highly colored organic materials are known, 
many of which do undergo photochemical oxidation- reduction reactions tinder 
the influence of visible light^^: 

++ ++ 

dye + 2F e leucodye + 2Fe 

dark 

However, the reactions thus far discovered result in the generation of rela- 
tively small EMF' s (from 0. 2 to 0. 3 volt), and none generate an oxideint or 
reductant strong enought to react with water. Such reactions are stoichio- 
metric. However, if the reaction is carried out in an emulsion of ether in 
water, the product leucodye can be continuously extracted, thus resulting in 
the storage of solar energy in the form of a leucodye.®^ 

Thus far, our experience suggests that the probability of finding a simple 
inorganic or organic photps ensitizer is not great. However, it should be 
emphasized that investigation of the photochemical properties of materials 
absorbing light in the visible range has not been extensive. Thus the field is 
wide open for research, particularly because we know photochemical water 
splitting can be done (i. e. , as in photosynthesis). At present, the Katz 
approach®® seems to have the greatest potential. 

Summary and Conclusions 

Photosynthesis in green plants is a process that results ultimately in the 
splitting of water into molecular oxygen and a strong reducing species with an 
electrochemical potential below that of hydrogen. Thus the photosynthetic 


I N S t I T U T E 


179 

GAS TECHNO L 0 G Y 



O F 







.1 1 


J_ 


8/75 


8962 


process is thermodynamically capable of producing hydrogen and oxygen from 
water. However^ it appears to'be universally true that, in green plants, the 
reducing power so generated is- always used for the reduction of carbon 
dioxide to carbohydrate and dtller cell material. 

Certain bacteria and algae do contain enzymes, such as hydrogenase and 
nitrogenase* that are capable of catalyzing the reduction of hydrogen ions to 
molecular hydrogen. Such organisms do in fact produce hydrogen under cer- 
tain conditions by photochemical and dark reaetionsi However, this hydrogen 
IS not produced from water, but is produced at the expense of an energy- rich 
nutrient substrate supplied by a separate photosynthetic process (performed 
by either itself or other organisms). Thus the two biological mechanisms 
required for producing hydrogen and oxygen from water exist in nature in 
separate organisms. The questions then become whether and how efficiently 
the two functions can be coupled to split water directly. 

Obviously, it is possible to produce hydrogen and oxygen from water by 
a conventional two- stage process with living and growing organisms — that 
is, by the conversion of photosynthetic marine or agricultural residues to 
hydrogen by anaerobic fermentation or by the action of photosynthetic bacteria. 
Such processes have been proposed, and hydrogen production by fermentation 
with clostridial species actually has been performed commercially. However, 
hydrogen is produced in such processes only as a by-product of the primary 
production of alcohols, ketones, or fatty acids. Presunxably, better strains 
could be developed to maximize hydrogen production. However, there may be 
a basic limitation in the efficiency (or kinetics) because biological hydrogen 
production appears to have a regulatory function, rather than a metabolic func- 
tion by which organisms can live and grow. Such processes would merely 
represent alternative methods for converting primary photosynthetic products 
to useful fuels, such as methane and alcohol, which are much closer to com- 
mercial feasibility. 

We dp not discount the potential for hydrogen or methane production from 
carbonaceous photosynthetic residues, particularly those that would otherwise 
be waste materials (i. e. , sewage or garbage). However, they are ultimately 
subject to the basic limitation in the efficiency at which solar energy c an be 
converted in marine and agricultural residues to feedstock for hydrogen or 
methane production. 
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A number of other biological approaches have been suggested for the 
production of hydrogen: 

a. Genetic improvement of certain nitrogen- fixing algae species in which 
the biological functions for both water splitting and aminonia or hydrogen 
production do coexist, but in separate cells. In the absence of ni^ogen 
gas and with the proper nitrogehous nutrients supplied, such species do, 
in fact, produce hydrogen and oxygen from water. However, the solar- 
utilizaUon efficiencies are significantly lower than in normal photosyn- 
thesis. 



b. Direct coupling of bacterial hydrogenase with the intact photosynthetic 
apparatus extracted from algae or green plants. The sc ientific feasi- 
bility of this approach has been demonstrated (in titnole quantities) in 
the laboratory. However, two substantial problems remain; The hydro- 
genase activity is destroyed by oxygen, and the catalyst life of the intact 
photosynthetic apparatus in vitro is very short (lasting only mixmtes)^ 

c. Two- stage coupling in which the aerobic and anaerobic functions are 
separated processwise. In the first stage, water splitting is performed, 
producing a stable reductant other than carbohydrate, by the intact 
photo synthetic apparatus extracted from algae. The stable reductant is 
then separated and reacted with hydrogenase in a second stage. The 
scientific feasibility has been demonstrated (in ^mole quantities) in the 
laboratory with a fairly complex biological chemical. Obviously, a 
simpler stable reductant is needed; and the brevity of the catalyst life 
remains the primary problem. 

The above approaches are all based on utilization of the intact photo- 
synthetic apparatus of natural organisms. However, when removed from 
the self- repairing environment of the living organism, the photocatalytic 
life of these complex systems tends to be very short. Although some prog- 
ress has been made toward stabilization or protection of these systems, a 
major research effort will be required before successful application can be 
expected. 

Significant progress toward synthetic photosynthesis has been made by 
development of synthetic chlorophyll membranes that exhibit, at least quali- 
tatively, the light- harvesting capability and photoactivity of photo synthetic 
membranes. However, it has not been possible to coUple such membranes 
to the electron- transport mechanism required to achieve photochemical or 
photovoltaic action. Furthermore, a major breakthrough may be required 
before this coupling can be achieved. 
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The major barrier to understanding how the primary photosensitizing 
entity is coupled to electron transport has been the lack of effefctive analyt- 
ical tools. It is our impression that the barrier is beginning to yield to a 
combination of analytical, synthetic, and theoretical approaches; however, 
the breakthrough may still be a few years hence. 

There can be little doubt that photosynthesis has vast potential for con- 
verting solar energy to chemical energy for use as fuel, as well as food; 

• Theoretically, the photosynthesis process is capable of converting up 
to 10% of the solar flux to chemical endrgy. 

• Under laboratory conditions, efficiencies approaching 10% have been 
observed with algae. 

• Maximum daily efficiencies as high as from 5% to 6% have been achieved 
in agriculture. 

• If the theoretical maximuiti efficiency of 10% based on total solar flux 
could be achieved, production from about 1% of the total area of the 
United States would be Sufficient to meet all of our energy needs. 

The maximum annual marine or agricultural efficiency achieved is about 3%, 
blit efficiencies are usually much lower — in the range of from 0. 5% to 1. 5% 
conversion of the total solar flux. It becomes evident, therefore, that the 
primary goal should be to increase the efficiency of oxygen generation by 
the basic process; and whether the reducing is utilized to produce hydrogen 
directly or to produce other reduced materials, such as carbohydrate, meth- 
ane, or ammonia, should be of secondary import. 

On the basis of current knowledge, nonbiological photolysis does not 
appear promising. However, investigation of the potential of this approach 
has not been extensive, and the field is wide open for research. It is our 
feeling that exploratory synthetic work in this area, guided by parallel 
research on the mechanisms of photosynthesis, will prove worthwhile. 

In conclusion, there is no doubt that photosynthesis offers a vast poten- 
tial for the production of energy, as well as of food and organic materials. 

It is also clear that the great challenge to research in this area is increas- 
ing the rate of transduction of solar energy to chemical energy, whether 
as food or as fuel. Although first priorities are, and should be, directed 
toward food production, in the long run it makes little difference because 
food and energy are, to a major extent, interconvertible. Furthermore, it 
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is conceivable that higher efficiencies of solar-energy conversion can be 

achieved by engineered * 'in vitro *.*) photo synthetic processes than by conven- 
tional marine or agricultural processes, particularly on an annual basis. 
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8. hydrogen production by other processes - J, B. Pangborn 
anicl D, P. Gregory 

In addition to the hydrogen production processes that have been described 
in earlier sections, there are three more processes that, although not men~ 
tioned as often as the others in connection with the large-scale use of hydrogen, 
deserve some attention. One of these is the production of hydrogen from waste 
materials, such as sewage, garbage, and agricultural wastes. Another is the 
splitting of water through use of neutron or ultraviolet radiation in a chemical 
sequence resembling a thermochemical process. The last process, the 
direct thermal dissociation of water, deserves special attention because it 
could make use of solar energy. 

Hydrogen Production From Waste Materials 

There is a possibility that hydrogen can be produced from waste materials 
such as sewage, garbage, and agricultural wastes. These materials, largely 
cellulosic, represent a considerable reserve of "energy" and are currently 
being considered as feedstocks for a variety of synthetic fuel production 
processes. Hydrogen production must be considered as a possible option. 

Cellulosic wastes can be converted to a variety of fuels by four primary 
routes: 1) partial oxidation, 2) high-temperature reaction with steam, 

3) pyrolysis, and 4) fermentation. In the first three cases, the initial process 
is one of gasification, converting the cellulosic material to a raw gas that 
consists primarily of hydrogen, carbon monoxide, carbon dioxide, and hydro- 
carbons, together with many other components. This gas stream can then 
be processed in a variety of ways to yield methane, methanol, synthetic 
"gasoline, " or hydrogen, or it can be used directly as a boiler fuel. In the 
fourth case, depending on the selected fermentation agent and fermentation 
conditions, a variety of products can be derived, including alcohols, methane, 
or hydrogen. 

Considerable research is already under way for the development of 
commercially viable processes, employing each of the methods described 
above, for the production of SNG (primarily methane), liquid hydrocarbons, 
and alcohols from sewage, garbage, and agricultural wastes. There seems 
to be little or no effort directed toward the production of hydrogen. Howeverj 
the problems being addressed are primarily concerned with the initial conversion 
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of the raw waste to "raw gas*’ and are those that result from the consider- 
able variation in feedstock '‘qualitjr, " which in turn results in much variation 
in the raw-gas composition. For this reason, most processes entering the 
commercial-application stage are those in which the raw gas is sinnply used 
as a boiler fuel, often added to a conventional fuel supply such as coal, oil, 
or natural gas. 

Once consistent raw -gas production has been achieved there seems to 
be little doubt that a fairly conventional gas "clean-up" process could be 
designed to produce hydrogen-rich gas rather than SNG or a liquid fuel, 
should the need exist. Therefore, there seems to be little justification 
at this stage for setting up a special research program aimed at producing 
pure hydrogen from these waste-material feedstocks. In the case of 
fermentation processes, the problems are similar to those already des 
cribed in the section on photosynthetic hydrogen production, j 



A word of caution is appropriate at this point. There will be continuing 
demand for hydrocarbons and carbon-based organic materials long after 
Conventional sources of fossil fuels have been depleted. Because the waste 

i 

materials considered here are all carbonaceous, they must be regarded as 
an important source of organic carbon for such applications as lubricants, 
plastics, and pharmaceuticals. In the long run, it may be quite wrong to 
consider using them as a source of hydrogen and to develop processes that 


break down the organic carbon molecules. 

Hydrogen Production by Radiation 

Researchers at KMS Fusion, Inc. , a private company in Ann Arbor, 
Michigan, have been carrying out research on the production of fusion energy 
through use of a laser beam. They have achieved significant succesB 
in producing fusion reactions by irradiating deuterium-tritium targets with 


laser energy, and the resulting fusion reaction produces a burst of radiation 
that consists primarily of neutrons with an energy of 14 Me V, They are 
still trying to demonstrate the "break-even point, " at which their equipment 
will produce as much energy as it consumes. In parallel with this work 
is a project, funded by Texas Gas Transmission Corp. , for the development 
of a process that splits water into hydrogen and oxygen under the influence 
of 14-MeV neutron irradiation. Thus, the suGcessful development of 
such a process would enable hydrogen to be produced from a nuclear fusion 
reactor without the intermediate production of electricity and heat. 
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Details of the hydrogen-generation process have not been released, and 
staff at both KMS Fusion and Texas Gas Transmission Corp. regard this 
work as highly proprietary. However, representatives of KMS have announced^ 
that they are actually producing hydrogen in the laboratory through a process 
that is driven by l4-MeV neutrons, that are obtained from a cyclotron. 

They describe the process as being similar to a thermochemical reaction 
sequence, in which a number of chemical processes are carried out in a 
cyclic fashion, but the energy supply to this sequence comes from one or 
more steps that absorb neutron energy rather than absorbing heat. They 
point out that such a process offers considerable advantage over thermo- 
chemical processes because it is not necessary to include a high-tcmperature 
step; thus corrosion of process equipment is less likely to occur. Because 
no experimental results have been released, it is impossible to assess the 
status of this research; but It was recently announced that Texas Gas Trans- 
mission Corp. has renewed its funding of KMS' s program for a second year 
at a very substantial level, which gives credence to the belief that significant 
progress is being made. To our knowledge, no other company is investi- 
gating similar processes. 


Chemonuclear Water Splitting 

In fusion reactions, deuterium nuclei are combined to form helium nuclei 
(alphas). In fission reactions, Pu*®’, etc., are split into fission 

fragments whose kinetic energy represents about 8 5% of the energy released 
by the fission process. Use of the high-energy radiation from nuclear fusion 
or use of the kinetic-energy fission products to excite or ionize molecules 
and to break chemical bonds has been suggested by Juppe ^ and by Harteck 
and Dondes ® as a means for the production of hydrogen from water. Experi- 
ments have shown that water can be split with fission fragments and that 
steam can be split with alpha irradiation,. 


IGT has been granted a patent on a multistep thermochemical process 


in which the chemonuclear decomposition of carbon dioxide to carbon 
monoxide and oxygen is used. In this process, invented by C. G. 
von Fredersdorff, hydrogen is produced thermochemicaUy by the action 
of steam on iron, and the iron oxide so produced is reduced with carbon 
monoxide to carbon dioxids. F is sio chemical decomposition of the carbon 
dioxide, by exposure to high-velocity fission fragments, reproduces the 
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carbon monoxide and liberates oxygen. In principle, fissiochemical 
reactions are different from thermochemical or direct (single-step) thermal 
water -splitting steps, which could use the heat generated by a nuclear 
reactor. (In conventional nuclear reactors, the fission products are slowed 
by collisions to yield their energy as heat.) 

For hydrogen and oxygen production from water via chemonuclear splitting, 
efficiency is measured in terms of the number of water molecules split per 
dose of radiation (100 eV by convention). The enthalpy required to split 
liquid water, 68,300 cal/g-mol, corresponds ideally to 33.8 molecules of 
hydrogen produced/100 eV; and the enthalpy required to split steam, 

57,900 cal/g-mol, corresponds ideally to 39.9 molecules of hydrogen 
produced/ 100 eV. For fission-fragment bombardment of water, an 
experimental chemonuclear yield of 1.75 splits/lOO eV has been reported; 
this corresponds to an efficiency of 5% . For alpha irradiation of steam, 
a yield of 6 splits/lOO eV has been observed; this corresponds to an 
efficiency of 15%.’ The use of fusion reactors to produce hydrogen from 
steam is a technology that may be developed in 30 to 50 years. The 
experimental verification of a self-sustaining fusion reaction is yet to be 
demonstrated, and a commercial fusion technology must be considered 
speculative at this date. 

Although fission reactors are in commercial use today, a configuration 
for chemonuclear reactions is not practical because of the requirements for 
containment of radioactive material. That is, fission products must be 
contained by the fuel particles in the reactor core. A fission reactor for 
chemonuclear -reaction use would then need a thin, high-surface-area 
nuclear fuel structure through which the chemical reactants could pass to 
be exposed to fission-fragment tracks. In gaseous systems, this track is 
about 2 centimeters long; and in condensed systems, it is on the order of 
20 microns long. Honeycomb fuel foil structures have been fabricated to 
make about 38% of the fission-fragment energy available for chemonuclear 
reactions. The main technical problem with this configuration is that the 
chemical reactant streams become contaminated with all manuer of fission- 
product radioactivity. 
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Nuclear -Photochemical Water Splitting 

Water can be split into hydrogen and oxygen by exposure to ultraviolet 
(UV) light of the correct wavelength; however, a spectrum of UV light will 
produce many excited states ahd radicals that are not desired. Water is 
transparent to visible light, but wavelengths of less than 2000 A are 
absorbed, A continuum from about 1850 to about 1450 A results in -- 

HaO -> H + OH (8-1) 

With UV light at 1849 A, Ung and Back observed the production of 
hydrogen and hydrogen peroxide from steam at 200® to 350®C. In the 
vicinity of 1236 A, another decomposition mechanism has been observed: 

HaO Ha + O (8-2) 

For this mechanism, nearly monochromatic or quite -intense, narrow- 
spectrum UV light would be required for significant yields of hydrogen, 
and the light would have to be produced artificially. Only insignificant 
intensities of sunlight at these wavelengths reach the earth' s surface. 

Eastlund and Gough^ have proposed the use of a "fusion torch" for 
producing UV light for water splitting. They conclude that because water 
molecules, under bombardment by the ultraviolet rays of sunlight, are 
split apart (producing hydrogen and oxygen) in the upper atmosphere, 
the same process might be achieved on the earth' s surface by using 
radiation from controlled fusion. They have calculated the requirements 
for a photolysis system, including a fusion reactor that generates plasma, 
energy and a plasma-leakage stream that produces the correct UV light 
for transmission through a window (of unspecified character) and into water 
vapor. By using an optimistic plasma energy-to-photon conversion, a 
hydrogen production efficiency of about 20% is achieved. Waste energy 
is converted to electricity and then to hydrogen by electrolysis for an overall 
system efficiency (UV light to hydrogen) of 36%. Based on the reactor plasma 
energy, the system efficiency is about 29% . 

Photolysis can be combined with other mechanisms to split water and 
produce hydrogen. For example, in an aqueous solution (or vapor) of 
mercury atoms, the photosensitized decomposition of water by excited 
mercury atoms occurs; mercuric oxide is produced, and hydrogen i^ evplved. 
The quantum yield (water molecules split per photon) is about 0.02 at 
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1849 A, “ Temperatures o£ 500® to 700® C are adequate for decomposing 
the mercuric oxide to mercury and oxygen* thus closing the cycle. 


Direct Thermal Decomposition of Water to Produce Hydrogen 


Description of the Direct Decomposition Reaction 

At sufficiently high temperatures, water (steam) will undergo appreciable 
dissociation into its elements, hydrogen and oxygen. This is a direct de- 
composition via one reaction step: H20(g) -♦ H 2 (g) + i/zOzig). At equilib- 
rium, the extent of this thermal decomposition depends primarily upon 
the temperature, but also upon the pressure of the steam -hydrogen-oxygen 
system. An Inverse pressure dependence for the decomposition is evident 
from the fact that one mole of steam produces one and a half moles of 
gaseous products. The procedure of supplying high-temperature heat to 
steam to cause this decomposition has been suggested as a method for 
splitting water to produce hydrogen. 


The enthalpy required to convert water at 25 ®C and 1 atm to hydrogen 
and oxygen at 25 ®C and 1 atm, is 68.3 kcal/g-mol of hydrogen produced. 

In a process involving internal heat exchange, heat is needed to vaporize 
the water and to raise the temperature of the steam to the desired reaction 
temperature. Dissociation will occur continuously during this heating, 
and heat must be supplied for this reaction as well. Upon achieving 
satisfactory decomposition and having prevented recoHibination (by product 
separation), the latent heat of the product streams Oan be transferred 
to the cooler incoming reactant stream (water). 

Temperature Dependence of Hydrogen Production 


The temperature dependence of the dissociation may be related to the 

free-enefgy change of the dissociation reaction, aGCording to 

the conventional equation for the equilibrium constant, (for pressure) K ; 

P 

*Orx = -RTlnKp (8-3) 

The equilibrium constant in Equation 8-3 is defined as — 


„ (Hydrogen Partial Pre8Sure){Oxygea Paftial Pressure) 
P “ (\yater Partial i^ressur^^^ 


i/z 


(8-4) 
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HzOCg) -» (I -x)H20(g) + xH2(g) + l/2x02(g) 

where x in the number of moles of hydrogen present at equilibrium. 

Assuming that the partial pressures are equal to the mole fractions for 
the components simplifies the calculation determining the mole fraction 
of hydrogen present, y, as a function of temperature, provided the 
is known. Algebraically, y = — ^ 

to illustrate that relatively high temperatures are required for appreciable 
hydrogen production. The equation relating the equilibrium constant to 
the reaction stoichiometry is — 

K )(.y-2 — )i/2 (8-5) 

p ' 1 -X '' 2 + X ' V ' 

Table 8-1 is based on the tabulated enthalpy and free-energy data for 
water.^^ In Table 8-1, is the enthalpy required for the dissociation 

of one gram-mole of steam, and AG is the free energy of this dissociation. 

The hydrogen produced at equilibrium (at temperature T) is that amount 
resulting from the dissociation of one mole of steam at one atmosphere 
total pressure, (At lower absolute total pressures, the extent of disso- 
ciation is higher , ) 

Thermodynamic Considerations and Energy Requirements 

The reaction enthalpy is often considered to be the ideal amount of 
energy, heat (entropy) plus work (free energy, G), that must be supplied 
to drive a chemical reaction. By analogy to electrolysis, entropy is usually 
supplied by resistive dissipation of electricty as heat, and free energy is 
supplied through ion and electron movement across an electrical potential, 
splitting water into hydrogen and oxygen. This is a case in which practical 
methods are approaching ideal limits. 

In the case of thermal dissociation of steam, however, supplying the 
energy equivalent of the standard enthalpy, H, of formation (for water) does 
not accomplish the decomposition reaction or the required gas separations 
(to pure hydrogen and pure oxygen) at the reaction conditions. To illustrate 
this point, consider the dissociation of steam at 4310 ®K, where AGp of water 
is zero and ijHp is 61.06 kcal (heat)/g-mol. At this point, the equilibrium 
K is 1.0, and the product of the hydrogen partial pressure and the square 
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Table 8-1. THERMODYNAMIC DATA AND HYDROGEN YIELD FOR THE 
THER MA L DECOMPOSITiON OF STEAM 


Reaction 
Temp, j T 


Reaction 
Entbalpv ^ 


Reaction 

Free-Energy Equilibrium 
Change, Constant, 


^Rx^ 


K 


Mole Fraction of 
Hydrogen Present, y 
(vol % 4 IQO) 


Moles of Hydrogen Pro* 
duced, X, Per Mole of 
Water Reactant 
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11.41 

1.94 X 10"* 

2.90 X 10"* 

3.39 X 10"* 
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6740 

60.91 

4.35 

5.78 X 10"^ 

4.35 X lO"* 

5.56X10"* 
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7640 

61,16 
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root of the ox/gen partial pressure equals the partial pressure of the 
vmdissociated water. Work (about 20 kcal/g-mol of hydrogen), must still 
be supplied to separate these components. If a hydrogen separation is not 
performed, rapid reaction kinetics will cause recombination (burning) as the 
gas mixture is cooled. 


The free»energy change associated with separating gas mixtures at 
some temperature, T, or the ideal separatory work requirements may 
be calculated by Equation 8-6; 


AG 


sep 


= -RTDX. Iny. 


( 8 - 6 ) 


In this equation, is the number of moles of component i present at 


mole fraction y . . 

^ i 


Calculations of AG (required to produce one mole 
of pure hydrogen by thermal dissociation of water) show that equals 

or exceeds AOr,..^. At 3500 “K j for example, AG = 22,7 kcal/g-mol 

5 ^ p 


Rx 


of hydrogen and AG^^ = 11,4 kcal/g-mol of hydrogen. 

Estimates of Theoretical and Ideal Energy Efficiencies 


We have not considered, in detail, the thermodynamic efficiencies that 
have been or might be applied as limiting cases for the direct thermal 
decomposition of water. However, some discussion of this is in order 
because "ideal'* efficiencies can appear pe.rticularly deceiving or overly 
optimistic when applied to direct thermal decomposition. The maximum 
theoretical, ideal water-splitting efficiency is^»*°-> 

^ideal = S§ 

where T( is the "high" temperature of heat supply and Tj is the "low" 
temperature of heat rejection. This relation has been used in the context 
of thermal dissociation of water. * Its use here is not incorrect, but the 
relation is highly optimistic and requires restrictions. Obviously, if T^ is 
held at 25 °C and Tj is high enough, E will approach AH/AG = 1.2. 

However, from the first law of thermodynamics it can be shown that 
negative heat rejection would occur to Tj > 1650°C and under all conditions 
of E £ 1.0. (See Section 6.) Hence^ it is advised that Equation 8-7, 
unaltered, not be used in setting an upper bound (ideal efficiency limit) 
for direct thermal water splitting. 
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To properly estimatr the maximum attainable efficiency of direct thermal 
decomposition, and if heat is the primary energy source, all work-generating 
steps must be accounted for. One arbitrary way to postulate an energy 
efficiency limit for thermal decomposition (used by IGT in its hydrogen- 
production program) is to divide the high heating value (HHV) of the product 
hydrogen by the sum of the reaction entropy, the heat required to generate 
the reaction free-energy change,-; and the heat required to perform the extra 
separatory work (not satisfied by the supplied free energy). Separatory 
work is calculated for the composition and temperature of the decomposition. 
Table 8-2 presents these quantities based on an arbitrary 35% efficiency for 
work generation from heat (probably not appropriate for the 500 “K case). 

In our opinion, irreversibilities and heat losses would result in practical 
efficiencies of about 50% to 65% of those listed for T >2000^ K, assuming 
that process equipment and plant materials could be used with perforrriance 
similar to that attained with modern technology. For T<2000**K, the 
separatory equipment for recovering the very small concentrations of 
hydrogen produced would be excessive in complexity and in energy consumption 
Thus, practical efficiencies would be very low for temperatures below 
2000 “K. 

In 1972, The Futures Group prepared a hydrogen technology assessment 
for the Northeast Utilities Service Co, ® In that report, they summarized 
their analysis of a water dissociation system operating at 5000 ®F (3033 ®K) 
and at 1 atm. Stecun was forced through a vortex tube at high velocity, 
eind the hydrogen was separated from the steam and oxygen. The hydrogen 
stream and the water plus oxygen stream were cooled to condense the steam 
and separate the gases; the condensation was taken through 10 stages for 
90% heat recovery. The efficiency of this system, based on heat and mass 
balance, "was computed to be only 35%. ” 

The recent study by Bilgen^ considers solar energy as a heat source 
for direct thermal dissociation of water. However, no particular process 
or flow diagram was analyzed. The author does conclude that 3000 ®K heat 
is required "for a substantial yield in hydrogen production. " A general 
description of solar concentrators, with cost estimates, is presented for 
components capable of high temperatures, fiilgen is optimistic about being 
able to achieve suitably high temperatures with a combination of a mirror 
field and concentrating units and states that 3500*’K should be achievable. 
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Table 8-2. ESTIMATED UPPER EFFICIENCY LIMITS 
FOR DIRECT THERMAL DECOMPOSITION OF WATER 


Reaction 
Temp. , T 


Reaction 

Entropy 


Heat for 
Free Enerc 


Efficiency Limit 
Heat for Based on HHV 

"Extra” Work of Hydrogen, % 


1. Bilgen, E. , "On the Feasibility of Direct Dissociation of Water Using 
Solar Energy, ” EP 75-R-lO. Montreal: Ecole Polytechnique de 
Montreal, January 1975, 

2. Bylinsky, G, , "KMS Industries Bets Its Life on Laser Fusion, ” 

Fortune 90, 149-56 (1974) December. 

3. Eastlund, B. J. and Gough, W. C. , "The Fusion Torch, " Wash-1132. 
Washington, D. C,: U.S, Atomic Energy Commission, May I 969 . 

4. Eastlund, B. J. and Gough, W. G. , "Generation of Hydrogen by 
Ultraviolet Light Produced by the Fusion Torch. " Paper presented 
at the l63rd Meeting of the American Chemical Society, Boston, 

April 9-14, 1972. 

5. Fein, E. , "A Hydrogen-Based Energy Concept," Rep. No. 69 -O 8 -IO, 
prepared for Northeast Utilities Service Go. , p. 55. Glastonberry, Go 
The Futures Group, October 1972. 

6. Funk, J. E., Reinstorm, R, M, , "Energy Requirement in the 

Production of Hydrogen from Water," Ind. Eng. Chem. Process 
Design and Development , _5, 336-342 (1^66) 5uly. ^ 

7. Gomberg, H, J,, Comments at the World Energy Conference, Detroit, 
September 1974.. 


“K 

Op 


kcal/g-mol — — 



u 

1 

1 

500 

440 

5. 92 

152. 9 

0. 0 

43 

V 

! 

1 

1000 

1340 

13.21 

131, 5 

0. 5 

47 

ii 

i 

1500 

2240 

20. 54 

112. 3 

3. 5 

50 

[ 


2000 

3140 

28. 11 

92 , 6 

11.1 

52 


1 

2500 

4040 

34, 92 

72.7 

17. 4 

55 

[ 


3000 

4940 

42.09 1 

52. 7 

24. 6 

57 

r 

i ; 

j ; 

3500 

5840 

49. 29 

32. 6 

32. 3 

59 

L 


4000 

6740 

56. 56 

12.4 

43. 7 

61 

r 

L 

1 : 

4500 

7640 

58. 43 

0. 0 

49 . 1 

63 

i 

, 
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9. COMMERCIAL TECHNOLOGY FOR HYDROGEN PRODUCTION 
T, ]&, £)onakowski 


Catalytic Steam Reforming of Natural Gas 

Steam reforming of natural gas is the most widely used hydrogen manu- 
facturing process in the United States. ^ Commercial operations began in 
1930 after a 15-year development period. A typical process for a large, 
ndodern hydrogen-production facility is discussed below and is illustrated in 
Figure 9-1. 


ZNO .. REFORMER BOILER HOTSHIFT COLDSHIFT COMPRESSION ABSORPTION METHAMATOR 
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Figure 9-1. FLOW DIAGRAM OF A STEAM -REFORMING PROCESS* 

The primary step in the production of hydrogen from natural gas is the 
endothermic steam -me thane reaction: 

CH 4 + H 2 O CO + 3 H 2 

To reduce any catalyst-poisoning sulfur compounds to a level of less than 
5 ppm, * the natural gas is passed through a sulfur guard drvun that contains 
zinc oxide. The sulfur-free natural gas is combined with superheated steam, 
thus forming the feed for the reforming furnace. (Steam -to-methane ratios 
are usually 3:1 or 4:1, by volume.) The steam is then passed through a ver- 
tical array of type 25-20 chrome-nickel steel tubes that contain a catalyst.^ 

A typical commercial catalyst is composed of nickel oxide on a refractory 
substrate. The catalyst may be shaped into pellets l/2 to 3/4 inch in dia- 
meter and length or into Raschig rings of similar size. 

F.eforming has been performed at pressures l „ up to 600 psi» but 300 psi 
is typical. If a high-pressure hydrogen product is desired, it is preferable 
to reform the natural gas at a high pressure. The reforming reaction in- 
creases the volvime of the gas, so less compression is required if the feed 
is initially at high pressure. However, high pressures require high 
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temperatures to ensure a favorable equilibrium. A more efficient recovery 
Of heat from the product gas is attained at the higher temperatures. Gas typi- 
cally exits the reforming furnace at temperatures of from 1500“ to 1650 “F. 
The equilibrium constant for the steam-methane reforming reaction increases 
by a factor of 3 as the temperature is increased from 1470“ to 1560“F, so 
temperature is an important process operating parameter. ^ Heat is trans- 
ferred to the reformer furnace tubes frOm the radiant section of the furnace, 
and large amounts of heat are available for steam generation in the convec- 
tion section. 

The reformed gas is composed of hydrogen, water, carbon monoxide, 
carbon dioxide, and residual methane. It is cooled to about 700 “F and is 
passed through a shift reactor in which excess steam reacts with carbon 



monoxide to form carbon dioxide and more hydrogen via the exothermic reaction — 

CO+ HgO -»COfe + 

An iron oxide -chromium oxide catalyst is used. The equilibrium constant for 
this reaction Increases with a decrease in temperature, and at 700“ F, a satis- 
factory conversion of carbon monoxide to hydrogen cannot be achieved. 



A second shift reactor is used that operates at temperatures of from 350“ to 
450 ®F and that utilizes a low-temperature catalyst containing copper, chrom- 
ium, and zinc oxides. This low-temperature catalyst is permanently dam- 
aged if it is used at temperatures higher than design, ^ 

The shifted gas stream is then compressed, typically with steam- 
turbine -driven centrifugal compressors, and enters a carbon-dioxide- 
removal system. In choosing a carbon -dioxide -removal system for the 
process, the desired purity of the product and the inlet pressure of the ab^ 



sorber feed-gas must be considered. Several absorption processes are com- 
mercially available (e, g. , monoethanolamine and hot- potassium-carbonate 
systems). 

Finally, if desired, traces of carbon oxides can be removed by reacting 
the gas with hydrogen to form methane via the exothermic reactions — 

CO + 3Hg •+ CH 4 + HgO 

and 

COfe + 4 H 2 -♦ CH 4 + 2HgO 

The reactions occur in the presence of a nickel catalyst at from 7 60 “ to 840“ F 
and at pressures Of up to 600 atmospheres. Water is removed, thus leaving 

201 

INSTITUTE OF GAS TECHNOLOGY 





8/75 8962 

the hydrogen product (typically 97% pure).^ A process and utility summary 
for the steam reforming of natural gas is presented in Table 9**1« 

Table 9-1. EFFICIENCY* PROCESS, AND UTILITY REQUIREMENTS OF 
STEAM REFORMING NATURAL GAS FOR THE PRODUCTION OF 97% - 

PURE HYDROGEN 
(Per 1000 SCF of Hydrogen) 3 


Process Feed, lb of methane 

Fuel, lb of methane 

Electric Power, kWhr 

Cooling Water, gal 

Boiler Feedwater, gal 

Condensate Returned, gal 

Input 19.8 lb of methane X 23, 880 Btu/lb 

0.4 kWhr Electricity X 3414 Btu/kWhr = 
Total 

Output = 1000 SCF of Hydrogen X 325 Btu/SCF = 


Output _ 325,000 
"IHpuT = 474,200 


Efficiency = 

= 68.5% 

Partial Oxidation of Hydrocarbons 


X 100 


There are two partial- oxidation processes that have been extensively 
commercialiaed; the Texaco Process (since 1954) and the Shell Gasification 
Process (since 1956). Gas consisting primarily of hydrogen and carbon 
monc^ide is produced by burning hydrocarbons with high-purity oxygen 
or an oxygen-rich stream. The main processing features of the Texaco 
Process are shown in Figure 9-2 and are discussed below. 

High-purity oxygen (9 5% to 99%) is injected into the gas generator, along 
with preheated steam and heavy oil (10® API gravity). Proper metering of 
the feed into the specially designed mixing burners is essential. A typical 
steam-to-oil weight ratio would be 0, 5;1. It should be noted that oxygen and 
oil are not premixed; therefore flashbacks and limits to preheat are not en- 
countered. A high degree oi steam and oil preheat is desirable because it 
significantly reduces the oxygen requirement. 3 The use of less oxygen results 
in the presence of less diluent nitrogen in the final hydrogen product stream. ^ 
Any percentage of sulfur in the oil feed is permissable, although the efficiency 
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of hydrogen production is lower for a higher sulfur-content oil than for 
a sulfur-free oil because hydrogen is consumed in the removal of sulfur as 
hydrogen sulfide. A refractory -lined reactor is used to withstand the 
2500 °F final gas -generation temperature. The Texaco gas -generating reactOr 
can be run at pressures of between 200 and 600 psi. Better compression 
economics can be obtained if the gasifier is operated at high pressure because 
the gaseous volume of the feed materials is less than the volume of the hydrogen 
generated. Heat from the reactor Is used for internal generation of steam 
via a water -quenching step. The steam is subsequently reacted in a carbon 
monoxide -water shift step. The water quench also removes particles of 
unreacted carbon, which are recovered by filtration and can be mixed with 
oil for plant fuel requirements. ^ 

The synthesis gas then undergoes aftertreatment steps, similar to the 
steps undergone downstream in a steam-natural gas reforming process, to 
increase the amount and the purity of the hydrogen. Hydrogen sulfide is re- 
moved; and the stream is shifted, in a carbon monoxide conversion step, to 
produce more hydrogen. Carbon dioxide is removed from the hydrogen by an 
absorption process. If desired, final traces of the carbon oxides can be 
removed by reaction to methane; and finally water is removed from the 
system. The hydrogen can then be compressed to the required pressure. 
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10. SURVEY OF PATENTED HYDROGEN-PRODUCTION PROCESSES - 
H. C, Mara 

In order to complete this survey of hydrogen-production processes, we 
examined the literature with the hope of finding novel processes that had 
been suggested, but that had never been fully developed. We anticipated that, 
in the past, the ease of making hydrogen by steam reforming relatively 
cheap natural gas v/ould have made the development of other hydrogen 
processes unattractive; but that now, with the supply of natural gas rapidly 
dwindling, these processes might be worthy of attention. 

Ideally, search of this type would involve a complete literature review 
and evaluation. However, the number of literature entries on hydrogen pro- 
duction is immense, an^ a comprehensive search of all published literature 
was out of the question. We decided to proceed on the assumption that if 
a novel hydrogen-production method had not been developed, it would at least 
have been patented. 

We conducted a search through abstracts of patents published in 
Chemical Abstracts from 1917 to 1974 using the following key words 
appearing under the heading, "Hydrogen”: 

• Formation of 

• Manufacture of 

• Preparation of 

• Production of* 

We limited our attention to those processes that made either pure hydro- 
gen or significant amounts of hydrogen mixed with nitrogen, carbon monoxide, 
and/or carbon dioxide because these mixtures could easily be converted to 
pure hydrogen. 

Literature prior to 1917 was scanned through two important monographs 
dealing with hydrogen production.®' Increased activity of the recent years 
has been documented in several symposia proceedings*' and compilations.^'^ 
These documents were also scanned for this survey. 
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The number of relevant patents found was staggering. We had expected 
that only about 200 or so processes would have been patented in the last 
60 years. Instead, we foxind about 1800 patents. 

We sorted the patents into 10 categories, as shown in Table 10-1. Patents 
relating to purification schemes, storage, safety, or corrosion and those 
describing hardware or control equipment were rejected. Approximately 
56% of the total number of patents related to hydrogen production from hydro- 
carbons, 22% related to coal, and 7% related to water electrolysis. The 
patents related to unconventional hydrogen -production processes were assigned 
to a general category, "Other Sources. " 


Table 10-1. CLASSIFICATION OF PATENTS FOR 
HYDROGEN PRODUCTION 


Category 

Code 

Number of Patents 

% of Total 

Electrolysis of Water 

E 

128 

7 

Electrolysis of Impure Water and 
Other Solutions 

I 

47 

3 

Coal and Related Sources 

C 

394 

22 

Hydrocarbons and Fossil Fuels 

H 

985 

56 

Oil Shale 

K 

9 

0. 5 

Synthetic Fuels 

F 

29 

2 

The rmoc hemic al 

T 

10 

0.5 

Solar, Windpower, Geothermal, 
and Ocean Thermal Gradients 

S 

2 


Waste Materials 

W 

9 

0.5 

Other Sources 

O 

157 

9 

Total 


1770 


Patents Rejected {Not Processes) 


500 


Total Examined 


2270 
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The patents in each category were arranged alphabetically by assignee 
organization (or by author if the patent was not assigned to an organization)* 
The purpose of this arrangement was to assemble all the patents related to a 
single process* thus allowing us to judge the state of development of each 
process and to eliminate duplication. The patents» so arranged* are listed 
in Appendix 

Evaluation of Processes 

After classification and arrangement* the patents in each category were 
evaluated by an IGT expert in the particular field in order to find any promts** 
ing processes. All the patents and literature were further reviewed by the 
chemical engineer in charge of the patent survey. Figure 10-1 is a schematic 
flow diagram of the procedure used for this survey. 



A7507I6U 


Figure 10- 1. FLOW DIAGRAM OF LITERATURE SURVEY OF 
HYDROGEN-PRODUCTION TECHNIQUES 


3 ^ 

An alphanumeric code has been assigned to each patent* as explained in 
Appendix C. References to these patents in the text are made using this 
nome nc latu r e . 
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Several novel processes and suggestions were identified as being worthy 
of further consideration. Because of the large number of patents retrieved 
(approximately 10 times the number originally anticipated), by mutual agree- 
ment with NASA only the novel processes and suggestions have been cataloged 
in detail. Many of the processes currently under development are discussed 
in other sections of this report. 

Electrolysis of Pure Wate r 

Several patents describe means of increasing the current density and ef- 
ficiency of electrolysis via minimization of electrode overvoltages and ohmic 
polarizations. Recently, processes that use thermally aided electrolysis have 
been proposed. ^ 

Overvoltage Reduction 

Several proposed methods of electrode and electrolyte modification are 
described in Table 10-2. As can be seen in this table, improvements of as 
much as several hundred millivolts have been claimed. 

A patent by DEMAG Electrometallurgic GmbH (EDS) sugggests additions 
of wetting agents to facilitate bubble removal, thereby minimizing concentra- 
tion polarization. A patent by E, G. Clark (EC4) claims that current densities 
as high as 7200 A/sq ft can be achieved when the electrolyte is forced through 
a thin layer placed between the electrodes. A somewhat different flow-through 
electrode system is being tested at Brookhaven National Laboratories.^^ Large 
drops in pressure and structural difficulties in manifolding are anticipated 
with this concept. At present no commercially operating system uses such 
a concept. 

Because oxygen polarization is a major factor in many water electrolyzer 
cells, several depolarization schemes have been suggested.^' ® The patents 
by General Electric Co. (EG3) and H. H. Moebius and B. Rohland (EMIO) 
suggest putting a reducing gas (e. g. , producer gas) in a solid- oxide system 
to depolarize the oxygen electrode. Juda and Moulton® suggest adding sulfur 
dioxide in the form of sulfurous acid in an acid-electrolyte cell, A voltage 
gain of about 800 mV has been claimed for such a system. Additional corro- 
sion and contamination problems and the added cost of a depolarizing agent 
are the trade-off considerations. Recently Bockris^ suggested the use of 
this concept for simultaneous pollution cleanup, where, for example, nitric 

208 

INSTITUTE OF GAS TECHNOLOGY 


I 


r I 

^ ! 
I 

3 ) 


0 



I 

,1f 


y 


u 



i' I 

I i 


Table 10-2. PROPOSED ELECTRODE AND ELECTROLYTE MODIFICATIONS 


— 






Electrode^ 

Proposed Method 

Claimed Improvements 

z 

CA 



AneiRnee or Author 

Reference* 

Electrolyte 

Hydrogen 

Oxygen 



Clark. E. G. 

EG4 

NaOH 

X 

X 

Forced electrolyte flow through spaces 
between the electrodes 

Obtain a C. D. of 7ZOO A/sq ft 

-d 



Consolidated Mining 
and Smelting of 
Canada Ltd. 

EC 6 

Caustic 

alkali 


-- 

Vanadium in sol. form (e.g., 
added to electrolyte 

Cell voltage reduced 

c. 


si 

sf 

DEMAG Etecktro- 
tnetaUargie, GmbH 

ED3 

Aqueous 

solutions 

X 

X 

Wetting agents to facilitate babble removal, 
silicone oils added to fatty acid to orevent 
foaming 

Lower concentration polarization 

m 


East Asia Synthetic 
Chemical Industries 
Co. 

General Electric Co. 

EE2 
EG 3 

18% NaOH 

Solid 

oxide 


X 

0.05 g /1 (NH 4 l£SO^ added to electrolyte, 
other S comoounds — e. g* , (NH 4 ICNS or 
(NH^)jCS — can be used. 

Reducing gas mixture to depolarize oxygen 
electrode 

Lowered total ceil volume by ZO mV 
at 50 mot/sq cm 

Lower oxygen overvoltage 

0 F 


'is 

tmoerial Chemical 
Industries of 
Australia and 
New Zealand Ltd. 

El 3 


X 


(Mo, W»^(Fel. (Mo)-{Ki, Co) or (Mo)- 
(Co. Ni, Fc|.(Co. Ni, Fe), and (Ti-Pt) 
coatings clectrodeoosited 

A W-Fe coated electrode resulted 
in ftO mV decrease in overootentiali 
an Mo -Co rated electrode resulted 
in ISO mV decrease in overpolential 
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Juda, W. and 
Moulton. D. M. 

Ref. H 

Aqueous 

acidic 


X 

Add SOj in the form of H.SO, 

' 800 mV lowering of polarization 

O 


Lonza Elektrizit^ts- 
wcrke 

EM 3 


X 


Electronlating Pi. Rh, Pd. Oa. or Ir on 
Fe cathode; reactivation by OCV operation 

Several hundred mV lowering In H 
oversalt 

> 

%n 



Mas chine nfabrik 
Oertikon 

EM3 


-- 


Comnound of sixth group metal of NajMo 04 

Overvoltage reduction 



MoebLus. H. H. and 
Hnhland. B. 

EMIO 

Solid 

oxide 


X 

Reducing gas mixture to depolarize oxygen 
electrode 

Lower oxygen overvoltage 

-4 

m 



pintsch Bamag AG 

£B1 

KOHC?) 



DcDOsit alloy (e. g. . Zn-Ni-Cu) from a bath 
containing a complex -forming reagent such 
as a cyanide, pyroohosphate on suUamate; 
activate by partly dissolving a first compo- 
nent of the alloy (e. g. , Zn) in an alkali or 
cyanide solution. 

Surfaces not pyroohoric, greater 
flexibility in selection of structural 
and final shane 

n 

X 

z 



Siemens and Halske 
AG 

ES17 


X 


Cathode treated with an electrolyte containing 
metallic oxygen acids — e.g, , chromates, 
molybdates^ tungstates, columbates, tita- 
nates; alternatively, add small amounts to 
cathode chamber. 

The compounds dissolve, but do not 
decomoosei lower overvoltage 

o 



State Pedagogical Inst. , 
Kharkov, U.S.S. R, 

ESZl 


X 


Alloys of Ni-Ru or Co-Ru applied on a metal 
base consisting of Fe, Ni, Cu, or Ti 

Lower hydrogen overvoltage 

o 



Taeung, A. C. C. and 
Vassie. P, R, 

Ref. 16 

KOH 


X 

COiNiO, catalyst 

High anode activity, stable oerfor- 
mance at room temperature 

o 



■ Werlen, A, et aj^. 

EWl 


X 

X 

Hg-Cu*Zn catalyst on anode and an alkali 
phosphate as depolarizer on A1 cathode 



Unleag othervcrige noted, refera to Apoendtx C. B75081949 

^Where known, the electrode<9) considered for modification is denoted with an "XJ’ 
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oxide can be oxidized to nitric acid or sewage can be oxidized to carbon 
dioxide > The resulting cost reductions in the depolarized- anode systems 
may be attractive. 

Alternatively, to minimize the oxygen overvoltage, Tseung and coworkers*®'** 
have reported the use of a highly active electrode catalyst. A rapid electrode 
deactivation was observed when operated in the fuel cell mode,*® but stable 
performance for several hundred hours was obtained at room temperature 
when operated in the oxygen- evolution mode.*® 

Electrolyte Systems 

Electrical conductivity and electrode kinetics can be improved by the use 
of suitable electrolytes. An Atlantic Richfield Co. patent (EA6) claims opera- 
tion of a molten-alkali electrolyte cell at 1. 3 volts (an apparent efficiency of 
113%) and at current densities of 500 mA/sq cm with use of a 90% 
calcium hydroxide, 10% sodium hydroxide electrolyte at 480°C. Problems 
of corrosion, electrode sintering, and performance stability are anticipated. 
Another patent (EB5) claims use of molten sodivun hydroxide or potassium 
hydroxide containing 5% to 10% water. The cell in this case was operated at 
300*^ to 350*^C and iron electrodes were used. 

The use of solid-oxide electrolytes at high temperatures has also been pro- 
posed*®' *9 (EG3 and EMIO) for wiiter-vapor dissociation. Higher efficiencies 
and rapid electrode kinetics can be obtained at high temperatures; but re- 
search shows some major problems: thermal stresses in the ceramic elec- 
trolytes, retention of sufficient electrolyte purity to avoid the onset of semi- 
conducting properties, selection of metals for the electrode at the oxygen 
side in the 800° to 1000°C operating range, and difficulty in finding mater- 
ials suitable for intercell current collectors. Because of these problems, 
almost all research on this type of system has been abandoned. Bockris® sug- 
gests that even if these problems were solved, the cost of high- temperature 
electrolyzers would be about the same as that of low-temperature electroly- 
zers currently being developed. Therefore, research on moderate-temperature 
(80° to 400°C) electrolyzers should be emphasized. 

Cell Design 

Two patents (EA5 and EUE) claim a cell design suitable for zero-gravity 
operation. One patent issued to Reynolds Metals Co. (ERl) is for a cell 
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designed to produce gases under hydrostatic pressure with the gases collected 
outside the vessel. Several high-pressure units that use pressure vessels for 
pressure containment have been built, for special applications, by Construe- 
tion John Brown Ltd. of Great Britain. Such designs, however, may not 
be cost effective for large-scale production because of the high containment- 
material cost compared with that for diaphragm-type cells. 

System Design 

A Swedish patent (ES24) claims a modification that purifies a contaminated 
electrolyte by electrolyzing the impure electrolyte in a mercury cell and sub- 
sequently decomposing the amalgam with water to obtain an alkali solution. 

The modification would, however, involve additional investment for a mercury 
cell. Therefore adopting such a modification is a question of relative econo- 
mics. 

A vapor-diffusion water feed arrangement has been suggested in a patent 
by TRW, Inc. (ETl). An in situ purification system that uses a palladium 
coating on the electrode is suggested in patent ET3, A patent by A. Kilgus 
(EK3) claims hydrogen yields, upon application of a magnetic field to the 
electrolyzer, in excess of those determined by Faraday’s Law. The validity 
ol this claim is doubtful; but even if this were true, the additional energy 
used ^d the complications in maintaining a magnetic field would compen- 
sate for the additional yields. 

Thermally Assisted Electrolysis 

The electrolysis of water at a pressure of 1 atmosphere and at 25^C 
requires a minimum potential of 1. 23 volts. Because electricity cost is a 
major component in the overall hydrogen cost, electrolysis of an alterna- 
tive substance that has a lower reversible cell potential than water and sub- 
sequent thermal decomposition of the products is tempting- Greater overall 
efficiencies may be possible in such cases. Bockris^ has si^gested four such 
systems: 

1. Electrolysis of hydriodic acid (HI) — 

a) Electrochemical step 2HI -> 4- AE 2 b°= 0.535 volt 

b) Thermal step Iz + HjO (1400°C) -+ 2HI + 1 / 2 O 2 

(endothermic ) 
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2» Electrolysis of cuprous chloride (CuCl) in a cell containing hydrochloric 
acid (HCl) - 

a) Electrochemical step 2Cu'*"-»2Cu^"^+ 2e” 

0.535 v»lt 


b) Thermal steps 
(endothermic) 


^CvlCX^ 2CuCl CI 2 


Clj h-HjO 2HC1 + I/ 2 O 2 
3 . Electrolysis of ferrous chloride (FeGls) in a cell containing HCl— 
a) Electrochemical step 2Fe^'*'-» 2Fe®^ + 2e~ 


AE^ = 0. 77 volt 


2H^ + 2e" -» H, 


A Eis = 0. 535 volt 


b) Thermal steps 
(e ndothe rmic ) 


2FeCl^ ^ 2FeCl2 “!• Clg 
CI 2 +H20 2HC1 + I/ 2 O 2 


4* Electrolysis of stannous chloride (SnCl 2 ) in a cell containing HCl 

a) Electrochemical step Sn^"*'-»Sn^^ + 2e“ 

2H^ + 2e' -* H, 


AE 25 = 0.77 volt 


b) Thermal steps 
(e ndothe rmic ) 


SnCl^ SnCl2 CI 2 
CI 2 + HjO -4 2HC1 + 1 / 2 O 2 


Several practical limitations exist, but because there is the potential of 
minumaing the electrical energy use, thermally assisted electrolysis systems 
deserve a closer look. According to Bockris' s estimate, systems 1, 2, and 
4 may be more economical than the advanced water electrolyzer systems. It 
is noted here that the high- temperature, direct water electrolysis processes 
may also consume heat and in that sense can be considered thermally aided 
electrolysis processes. 


Electrolysis of Impure Water and Other Solutions 

Our literature search produced four patents (IM3, lOl, IS6, and IT6) 
related to the direct electrolysis of seaw'ater. The patents claim various 
means for minimizing the problem of insoluble deposits. Seawater electro- 
lysis has been used for the in situ generation of hypochlorites for use as 
sterilants. Countries such as Japan use concentrated seav'ater brine for 
chlor-alkali production.^ Thus some experience has been gained in seawater 
electrolysis. A more detailed discussion of the problems in direct seawater 
electrolysis is presented in Section 3. 
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When electrolyzedf aqueous solutions of many salts (such as sodium 
chloride )> sulfates* or acids (such as hydrochloric acid) yield hydrogen as a 
byproducto Because this technology is well developed* some of the advances 
made in this field* such as membranes and electrode technology* may be 
beneficial to pure- and impure -water electrolyzer systems. 

Among ihe patents retrieved in the present survey is a patent by Matu- 
shita Electric Industries Go. (IMl) that suggests the electrolysis of an aque- 
ous solution of ammonium chloride (NH^Cl) or ammonium nitrate (NH 4 NO 3 ) 
in the presence of semiconductor powders for the production of high-purity 
hydrogen. A patent issued to Asahi Chemical Industry (IA3) proposes the 
addition of platinum or palladium to the electrolyte. An 0. 8 -volt polarization 
decrease resulted. 

Coal and Related Sources 

Most of the 300 or so patents in this category deal with established coal- 
gasification processes that produce* as a first step* a mixture of carbon 
monoxide and hydrogen. Fluidized-bed gasification* such as that used in the 
Winkler and HYGAS Processes, is often mentioned. Many of the other 
patents describe suspension gasification processes similar to those being 
developed by Texaco and those offered for sale by Koppers-Totzek. Some 
of the patents are for modifications to the steam- iron process — an improved 
form of which* described in an earlier section* is currently under develop- 
ment for use in coal gasification. These patents often suggest the use of 
another metal as the oxidizing- reducing agent. 

The production of clean gaseous fuels from coal has been intensely re- 
searched in the past few years. Consequently it should not be surprising that 
all of the promising ideas described in this group of patents are currently 
under development. 

Hyd roc arbons 

This category* largest among the categories surveyed* includes approxi- 
mately 1000 patents on hydrogen production from fossil hydrocarbons such 
as natural gas* naphtha* or other petroleum components. The majority of 
the patents in this category were issued after 1940. The processes include 
catalytic steam reforming* catalytic and noncatalytic partial oxidation* and 
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thermal decomposition. Because of the rapidly depleting world supply of 
petroleum and natural gas, their role in future hydrogen production will be 
limited* The large number of patents in this field is indicative of the amount 
of research and development that has been carried out, and it is unlikely that 
any promising processes have been neglected. For these reasons, these 
patents were merely summarized etnd listed without further examination. 
Patents on hydrogen production from oil shale were classified separately, 
however, because of the possibly significant role of this source as a future 
energy supply. Patents applicable to multiple sources, such as hydrocarbons, 
coal, carbon monoxide, and coke, were included in the category "Coal and 
Related Sources. " 

Organizations holding large numbers of patents on the production of hydro- 
gen or hydrogen- rich gas from hydrocarbons include 1. G. Farbenidustrie 
(on thermal decomposition of gaseous hydrocarbons). Standard Oil Go. (on 
the reforming of light hydrocarbons and thermal decomposition of a variety 
of hydrocarbon liquids), Texaco, Inc. (on partial oxidation), and Badische 
Anilin and Soda Fabrick (on partial oxidation). These patents describe varia- 
tions in process conditions (temperature, pressure, etc. ), catalysts, reactor 
designs, and process steps. 

Some exotic suggestions, such as the electrolysis of hydrocarbons and the 
simultaneous production of mechanical energy, were also encountered. Many 
of the more recent patents describe hydrogen production on a small scale for 
local application such as self-propelled vehicles, fuel-cell operation in resi- 
dences or small industries, for special appli^ees or equipment, and for lab- 
oratory or experimentation purposes. 

Oil Shale 

Our literature search, using the keywords mentioned previously, yielded 
only nine patents that deal with hydrogen production from oil shale. The patent 
issued to Chevron Research Co. (KCl) describes a process that uses steam 
injection for hydrogen production from kerogen-depleted shale formations. 

The patent issued to Compagnie Francaise des Essences Synthetiques (DG2) 
claims the coke -free production of hydrogen- rich gas from oil shale and other 
solid fuels. The Institute of Gas Technology patents (KM, KZ6, K23, and K24) 
deal with hydrogasification steps and reactor designs. Hydrogen is obtained 
as a coproduct in the process patented by P. H, Giffoid {KGl). Two patents 
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issued to Phillips Petroleum Co. (KPl and KP2) describe their partial- 
combustion process and the utilization of carbon monoxide from the combus- 
tion zone for the production of hydrogen. 

Synthetic Fuels 

This category includes the production of hydrogen from synthetic organic 
compounds such as methanol^ acetylene, ethanol, cyclohexane, and heptane. 
Because these compounds are usually synthesized by using petroleum, coal, 
or other fossil fuels, they will probably not be used for large-scale hydrogen 
production. Methanol, however, has been recognized as a convenient portable 
fuel. Because of the low reforming temperatures involved, simple materials of 
construction, and good catalyst stability, it can be reformed at the point of 
application to produce hydrogen. Fuel cells and automotive fuel are two exam- 
ples of such applications. Hydrogen is obtained as a byproduct in the thermal 
dissociation of acetylene to produce carbon black. Of the patents retrieved, a 
majority of the patents covered these two sources* 

Two patents issued to the U. S. Atomic Energy Commission (FU3, and FU4) 
claim the cracking of hydrocarbons by using x-rays or neutron bombardment. 

A patent issued to Varta A. G. (FVl) claims the simultaneous production of 
oxygen and hydrogen by utilizing heat released by the oxygen-generating com- 
pound to catalytically decompose the hydrogen- generating compound. Such an 
arrangement can be beneficial in generating gases for fuel cell or welding 
equipment. 

Thermochemical Hydrogen Production 

Our patent search retrieved only 10 patents for this category. It is likely 
that many cycles have not been patented, and others may be in the process of 
being patented. The patents retrieved include EtJRATOM' s mercury-hydro- 
bromic acid (Hg-HBr) cycle, Gaz de France' s stannous oxide -staimic oxide 
(SnO-Sn 02 ) cycle, and others. 

In addition to the purely thermochemical cycles, several hybrid cycles have 
been suggested. The thermally aided electrochemical processes discussed 
previously are examples of such hybrid cycles. 
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Solar, Windpower# Geothermal, and Ocean Thermal Gradients 

Only a small fraction of the energy available from solar, wind, and geo- 
thermal sources is currently being utilized for energy conversion. Several 
possibilities for utilizing these important sources exist. 

Solar radiation can decompose water through either thermochemical, 
photochemical, photoelectrochemical, or photobiochemical routes. 

Direct generation of hydrogen by the use of wind power is not possible. 
Windpower is first converted to electricity, which then can be used for elec- 
trolysis. Geothermal energy could also be converted to electricity for 
electrolysis, but there is the additional possibility of matching a low- 
temperature thermochemical cycle to the heat source. 

Because the interest in possible applications of solar, windpower, and geo- 
thermal sources to hydrogen production is of recent origin, no patent literature 
exists in this field. Only two patents that deal with system concepts were 
retrieved. Patent SKI proposes high-pressure electrolysis as a means of 
energy storage for solar, wind, or tide energy, (Hydrogen is subsequently 
converted to ammonia, vdxich is stored. } Patent SOI claims utilization of wind- 
power in the electrolysis of seawater for hydrogen production. Escher* re- 
cently proposed an ocean-based, solar -to-hydrogen energy conversion macro- 
system. Researchers in several government- sponsored programs are cur- 
rently exploring the use of these abundant natural sources in hydrogen gener- 
ation. 

Waste Materials 

Nine patents were fo\jnd that were primarily concerned with the production 
of hydrogen or hydrogen- rich gases from waste materials. Six of these patents 
(WCl, WC2, WFl, WRl, WSl, and WTl) deal with some form of gasification. 
The other three deal with fermentation (bioconversion). A considerable amount 
of patent and other literature exists on gas -production processes. These pro- 
cesses can be suitably modified to produce hydrogen. However, no special lit- 
erature search was conducted to explore this aspect. 

Other Sources 

Patents not falling into any of the categories discussed previously were 
classified as "Other Sources. " Patents in this classification were further 
subdivided by types of reactions, as shown in Table 10-3. Generally, the 
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Table 10-3. HYDROGEN-PRODUCTION TECHNIQUES USING 

"OTHER SOURCES" 


Des^'rintiQn 


Number of Patents 


Hydrides and boranes 


Caustics (silicon and 


Metals 


Nonmetals 


Ammonia 


Inorganic compounds 


Miscellaneous 


Total 


Typical Reactions 


LiH + 1^0 -* Hz + LiOH 


BH 3 {NHz )2 BH 3 + LIBH 4 -► Hz +borohydrides 


ZNaOH + Si + HjO -* 2Hz + NazSiO^ 


HzO + Al + KOH -► 3/2 Hz + KAlOg 


2HzO + S -► 2Hz + SOi 


2NH3 -► Nz + 3 Hz 


NH 3 + Pz *♦ 3/2 Hz + nitrogen oxides 


HzO + CaCz Hz + 2C + CaO 


HzS + 2COz -»Hz + 2CO + SQz 


S + 2HzO 2Hz +SO 2 


HaS + Oz -* Hz + SQ 
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patents in this classification describe methods of hydrogen production for 
special applications » such as onsite welding- gas generation, balloon infla- 
tion, torpedo-propulsion systems, and fireworks displays. The processes 
are energy- inefficient in hydrogen production, either requiring complex 
starting materials and catalysts or producing hydrogen only as a byproduct. 

For the most part, they are convenient for the intended use, but are 
neitlier practical nor economical for large-scale production. However, 
some methods may be beneficial in the development of hydrogen- storage 
concepts (e.g. , metal-hydride containment) and might have possible uses 
within closed-loop thermochemical reactions. No unconventional processes 
for large-scale hydrogen production were uncovered in this category. 
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11. THE TRANSMISSION, STORAGE, AND DISTRIBUTION OF HYDROGEN - 



Hydrogen Transmission 

It appears that small nuclear -power getter ators for individual customer 
use or even for substation use will not be commercially feasible. If 'the smallest 
economical generator size is a few hundred megawatts, waste-heat removal 
becomes a local problem, limiting the location of a power plant to specific 
areas. Because the preferred sites for such nuclear plants are near large 
bodies of water and most of the cooling water near load centers is already 
claimed, future energy-production sites will likely be large and remote. 

Energy-production centers not near load centers must transmit the 
product energy from the concentrated production site to the centralized 
utilization site. Therefore, if hydrogen is to be used in large quantities, 
it will have to be transported in bulk, as are electricity and natural gas. 

One of the cheapest ways of moving energy, whether liquid or gas, is by 
pipeline. Because most long-distance pipelines are below ground, they do 
not have the disadvantage of being unsightly, as do high-voltage lines. 


Transmission of hydrogen by underground pipelines can be compared 
with natural gas and electricity transmission over long distances. Generally, 
on an energy -delivered basis, natural gas will be the cheapest of the three to 
transmit; hydrogen will be intermediate in cost; and electricity will be the 
most expensive. It is evident that, because of the lower heating value of 
hydrogen (325 Btu/SCF) compared with that of natural gas (1050 Btu/SCF), 
approximately three times more hydrogen than natural gas must be transported 
to ^.ehieve an equivalent pipeline -energy-delivery rate. 

Hydrogen is transmitted by pipeline in various parts of the world. 

However, compared with natural gas transmission, the distances are relatively 
short; and the energy flows are small, Because of economic and technical 
factors, the long-distance transmission of hydrogen could require the use 
of new, high-capacity compressors and drivers, as well as new pipeline 
materials. Compressors must be able to handle hydrogen' s high diffusivity 
property (i, e. , its tendency to leak), which may cause compressor-casing 
and valve-sealing problems. 
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The effect of hydrogen on pipeline components must be evaluated from 
a material-design viewpoint. Lrittle is known about the effects of hydrogen 
on pipeline steels at high operating pressures. High operating pressures 
may cause "hydrogen embrittlement" of pipeline steel. Also, large com- 
pressors for pipelines may be constructed of materials that are susceptible 
to hydrogen attack. Undoubtedly pipelines can be constructed for hydrogen 
transmission; however, in order to keep transmission costs at a minimum, 
pipeline components that are both technically sound and economical must be 
developed. Because experience with hydrogen pipelining is not as extensive 
as that with natviral gas systems i optimum-performance and minimum-cost 
pipeline components are not currently available. 

Several research groups have studied the technological and economic 
aspects of large -volume, gaseous -hydrogen transmission. These studies 
are summarized below. 

IGT Pipeline Optimization Study 

The Institute of Gas Technology has conducted a pipeline optimization 
study of gaseous -hydrogen transmission. The specific objectives were to 
determine a) which pipeline components are available and which would have 
to be developed for hydrogen transmission, and b) the best pipeline operating 
conditions for transporting certain quantities of energy in the form of gaseous 
hydrogen. 

Pipeline Components 

The results show that the availability of suitable compressors and drive 
engines for use in hydrogen transmission is questionable. 

Turbocompressor B and Drivers 

Turbocompressors have been designed amd are currently operational for 
high throughputs of hydrogen gas, but such high-throughput devices have never 
been designed to function at high operating pressures. In most instances, only 
a thicker casing is necessary; 

The factor limiting the use of a radial turbocompressor with hydrogen is the 
pressure ratio achievable in one stage. This type of machine converts kinetic 
energy into a pressure head, and the pressure ratio is directly proportional 
to the rotor tip speed and is dependent on a) the physical properties of the gas 
and b) the rotor and diffuser geometry. For low-molecular -weight hydrogen, 
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achievable pressure ratios are far lower than those obtainable with natural gas 
at the same tip speed. The maximum tip speed is limited by the mechanical 
properties of the rotor. 

In the IGT study, it was assumed that hydrogen-fueled gas turbine 
drivers power the turbocompressors. Current technology makes possible 
the use, with pipelines, of a directly connected, aircraft-type gas turbine 
with a turbocompressor. 

In the 1950' s, researchers at Pratt & Whitney (Div. United Aircraft Corp, ) 
did considerable work on hydrogen-fueled, aircraft-type gas turbines. They 
successfully modified a J-57 engine for operation on hydrogen fuel and designed, 
constructed, and tested a special engine specifically designed for use with 
hydrogen fuel. Excellent results were obtained, but the program was abandoned 
before I960. Hydrogen-operated gas turbines have higher efficiencies 
than corresponding units operating on conventional fuels. 

Reciprocating Compressors and Drivers 

Reciprocating compressors could be used with hydrogen pipelines. Many 
reciprocating-compressor installations are now handling hydrogen under various 
conditions of pressure, temperature, water-vapor content, and corrosivity. 
Compression cylinders would have to be quite large to be able to transport 
pipeline quantities of gaseous hydrogen. Worthington CEI has made gas com- 
pression cylinders with a 19-inch stroke and a bore as large as 42 Inches. 

A need for reciprocating-compressor development is not anticipated, because 
large cylinder compressors are available that don' t sacrifice the possibility of 
maintaining a high pressure ratio for each compression stage. Worthington 
stated that compressors designed for use with hydrogen need only special 
steel piston rods and Teflon rings to surmount hydrogen-embrittlement problems. 

The problem involved in using such a compressor with hydrogen pipelines 
would be obtaining a driver of sufficient speed and power. Although considerable 
success has been achieved in converting small, automobile -type piston engines 
to hydrogen use, a separate research program would be necessary to achieve 
an optimum scale-up to large engine size. 
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Other Gompreseors 

Screw compresBorB have not been used in very-high-pressure applications 
(above about 600 psia). However, they combine the valuable features of both 
positive -displacement and dynamic machines and are "oil free. " If developed 
for higher pressure applications, they could be valuable for use with hydrogen 
pipelines. 

Axial turbocompressors under development are expected to be highly 
efficient machines comparable to reciprocating machines. The resulting price 
per unit of horsepower should approximate the radial-turbocompressor price 
currently quoted by Elliott Co, 

In the IGX study, radial- turbocompressor and turbine -driver technical 
and economic data were assumed because the gas industry tends to use 
turbocompressors for high-throughput gas flows- 

Reciprocating devices have higher capital and installation costs, in 
$/hp, than turbomachinery. However, reciprocating compressors provide a 
higher fuel efficiency for long-term operation. Currently, the break-even 
point for operating turbomachinery and reciprocating devices is 10 years. 
Turbomachinery is relatively new, and improvements may be forthcoming. 

Initial Compressor 

A hydrogen-transmission pipeline is expected to operate at some average 
pressure between 750 and 2000 psia. If hydrogen is not manufactured at this 
pressure, an initial compression step (employing an initial compressor) 
will be necessary to bring the gas up to pipeline pressure. (Pipeline 
compressors, which compress the gas flowing through the pipelines 
to compensate for pressure losses, have a much lower ratio of inlet to outlet 
pressure than initial compressors.) Because many electrolyzers and many 
thermo chemical hydrogen-production processes now under investigation 
operate at modest pressures, it is important to consider the cost factors and 
technological capabilities involved in this initial compression step. 

According to representatives of the Elliott Co. , a manufacturer of 
turbocompressors, the use of an initial compressor could present a major 
developmental problem for turbomachinery — especially if hydrogen cannot 
be produced at an ele^^ated pressure. Only a 1.4:1 pressure ratio is attainable 
per casing with turbo compressors. Therefore, if hydrogen is produced at 
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atmospheric pressure, a great number of compressor casings would have to be 
placed in series to attain the pressures used in pipeline transport. However, 
if the hydrogen could be produced at 750 psia, for example, it could be put 
directly into the pipeline or be boosted by turbocompressors to higher pressures. 
(Hydrogen produced at 750 psia would need only two compressor casings > 
in series, to reach 1500-psia pipeline operating conditions.) Also, intercoolers 
must be added to multistage compressors to remove the heat of compression. 

Reciprocating compressors (posltive*-displacement machines) achieve a 
much greater pressure ratio, so initial compression is less of a problem. For 
example, 17,000 SCF of hydrogen per minute can be compressed from atmo-i- 
spheric pressure to 750 psia in four stages. However, at pipeline conditions 
this represents only 340 CF/min. For long-distance hydrogen transmission 
to be economical, the capacity of these machines will have to be greatly 
increased, at least by a factor of 20. 

Combinations of turbocompressors to handle flow and reciprocating 
machines to provide compression should be considered as possible economical 
solutions to the problem presented by the need for a large -volume initial 
compressor for use witk hydrogen. 

Optimum Operating Conditions 

A computer program was employed in this study to determine the economic 
characteristics of a hydrogen-transmission system. Given the design through- 
put (flow of gas), overall transmission distance, and thermodynamic and 
geographical conditions, the program calculated the minimum transmission 
cost by — 

a. Optimizing the compression section 

b. Finding the optimal combination of all the optimized sections. 

Figure 11-1 is a schematic view of the system of variables used for IGT' s 
study of pipeline -section optimization. 

The cost trends of hydrogen transmission were calculated including the 
effect of hydrogen-volume throughput in a single pipeline of varying diameters 
(24, 30, 36, 42, and 48 Inches). Various hydrogen-fuel-production costs 
(from $2 to $4/ million Btu), were assumed; and average operating pressures 
of 750, 1000, 1500, and 2000 psia were considered. 
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IWDEPENOENT VARIABLES 
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Figure ll-l. IGT SYSTEM OF VARIABLES USED TO OPTIMIZE A 
COMPRESSION SECTION OF GAS -TRANSMISSION LINE 

The following conclusions were reached in the IGT study: 

I 

• For 24 and 30 -inch pipe, operating at higher average pressures (1500 
and 2000 psia) results in a major decrease in hydrogen-transmission 
cost. 

• For 24 to 30-inch single-line pipes operating at full capacity, hydrogen- 
transmission cost increases markedly with compressor -section spacing 
length at low average pressures (750 psia). 

• For pipes of larger^diameter, an insignificant decrease in transmission 
cost is obtained by 'operating at a higher average pressure, 

• For 48 -inch-diameter and some 42-inch-diameter pipelines, hydrogen- 
transmission costs actu illy begin to increase with operation at 2000 psia. 
Therefore, cheapest pipeline operation is at a pressure somewhere 
between 1500 and 2000 psia. 

• No great advantage is apparent for operation with very-long-distance 
compressor pipe sections (i.e., with long distances between compressors). 
A combination of shorter sections (i.e., closer compressor -station 
spacing) at a specific diameter may be used at no apparent increase 

in cost. 
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Figure 11-2 is a comparison ox transmission costs tor hydrogen and 
natural gas at optimized conditions. In completely optimized systems « the 
cost o£ hydrogen transmission (at an average operating pressure of 750 psia) 
will be between 3. 5 4 and 5. 5<^million Btu-lOO miles. This is 2 to 3 times 
more than today* s natural-gas-transmisslon costs. 
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Figure 11-2. OPTIMIZED TRANSMISSION COSTS FOR HYDROGEN 
COMPARED WITH NATURAL GAS 


Figure 11-3 is a plot of gas -transmission costs for 1000 miles (in f(/ 
million Btu) versus compression-section spacing that was made to determine 
the effect of the distance between compression stations on gas -transmission 
cost. Apparently there is little cost advantage in operating hydrogen lines 
with longer distances between intermediate compressors; however, certain 
cases pictured do show a slight reduction in cost with longer intermediate- 
compressor -station spacings. 
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Figure 1 1-3. 1000-MILE TRANSMISSION COST COMPARISON FOR HYDROGEN 

AND NATURAL GAS WITH DIl'FERENT INTERMEDIATE COMPRESSOR 

^PACINGS 

EURATOM 

EURATOM, in Italy, has conducted a study to determine the economic 
characteristics of transporting hydrogen, natural gas, and oxygen by an 
optimized pipeline network. ^ Specifically, given a design throughput, 
overall transmission distance, and thermodynamic and geographical con- 
ditions, the minimxim transmission cost was calculated by optimizing the 
number of compression stations for an optimal pipeline diameter. When 
used in an analytical form, this calculation determines the number of com- 
pression stations that result in the minimum cost of transporting a given 
heating value over a certain distance. The minimum cost, therefore, is a 
function of the throughput and of the overall distance, and the resulting optimum 
pressure ratio, pipe diameter, and station spacing are shown as a single 
value. Apparently, for this study it was assumed that gas compressors would 
be powered by electric motors. Thus compressor -fuel costs in this study 
are the same for both hydrogen and natural gas. 
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The EURATOM report concludes that hydrogen is 30% to 50% more 
expensive to transport by pipeline than natural gas. Data for comparison 
of transmission costs for natural gas (assumed here to be methane) and 
hydrogen, at an operating pressure of 1280 psi, are shown in Table 11-1, 

The ratio of costs increases with an increase in distance and slowly decreases 
with an increase in throughput. It is obvious from Table 11-1 that the optimum 
distance between Intermediate compression stations is greater for hydrogen 
than for methane. Similar results have also been reported at other pipeline 
working pressures. Pipeline investment costs (for construction of the pipeline) 
were also reported to be about 45% to 60% higher for hydrogen than for natural 
gas because of the larger diameter pipelines used with hydrogen. 

EURATOM has found that an increase in pipeline operating pressures 
reduces the transmission cost for hydrogen, as shown in Table 11-1 for a 
given throughput of 250 trillion Btu/yr and a transmission distance of 621 miles. 
The costs shown in Table 11-1 do not take initial gas compression into account. 
However, EURATOM did report the effect of initial gas compression on trans- 
mission costs for both methane and hydrogen, and the findings are shown 
in Table 11-2. The inlet pressure is 10 kg/sq cm (142 psi), transportation 
pressure is 90 kg/sq cm (1280 psi), and the throughput is 125 trillion Btu/yr. 

It is clear that Initial compression is an important factor in the total 
cost, especially for short distances.* Also, the impact of initial compression 
on total costs is greater, in absolute value and in percentage, for hydrogen 
than for methane. 

General Electric Co. (Tempo), Calif. 

R. A, Reynolds and W, L. Slager of GE have developed an analytical model 
for developing characteristics and costs of delivering gaseous and liquid fuels 
by pipeline.®^ Given the desired energy-flow rates, certain other inputs, and an 
initial estimate of pipe size, the model computes the first cost of the installed 
line and determines its required compressor stations. The procedure involves 
systematic variations in pipe diameter for identification of the minimum-cost 
configuration. Once determined, the energy-transport cost is calculated, 
taking into account system amortization and the fuel required to operate the 
line. 
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Table 11-1. COMPARISON OF COSTS FOR HYDROGEN AND METHANE, ACCORDING 

TO EURATOM3 
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Table 11-2. EFFECT OF INITIAL GAS COMPRESSION ON TRANSMISSION 

COSTS 

(EUR ATOM STUDY) 


Gas 

Distance, 
miles (km) 

Total 

Transportation 
Cost, 10^ Btu 

Initial Compression 
As Percentage of 
Total Cost, % 

Methane 

311 (500) 

16 

38 


621(1000) 

25 

23 


932(1500) 

36 

16 


1242 (2000) 

47 

13 

Hydrogen 

311(500) 

36 

54 


621 (1000) 

52 

46 


932(1500) 

68 

35 


1242(2000) 

84 

29 

In a properly designed system, the cost of transmitting hydrogen by 


pipeline is from 30% to 60% higher than for an equal amount (in terms of 
energy) of natural gas. This conclusion is based on pipelines constructed 
to be used under conditions representative of those In the Midwestern United 
States. If higher installation costs were used for both gases (methane and 
hydrogen), the relative transmission costs would become similar, but the 
absolute figures would increase. 

Reynolds and Slager conclude that increased pipe diameter is the primary 
reason for hydrogen being more costly to transport than methane. An increase 
of from 25% to 50% in pipe diameter is reflected directly in the required 
capital costs, of which from 75% to 80% is attributed to the cost of pipe and 
installation and the remainder is for compressor facilities. Optimum com- 
pression ratios at compressor station^ were found to be lower for hydrogen 
(1. 1:1) than for natural gas (from 1.25:1 to 1.30:1). Compressor -station 
spacings of from 50 to 75 miles were related to these operating -pres sure ratios. 

To calculate gas -transmission costs, a compressor -engine -fuel cost of 
40 (^/'million Btu has been assumed for both hydrogen and natural gas. This 
factor (primarily) aecounts for the difference in transmission costs predicted 
by the GE and IGT studies, Reynolds and Slager also studied the effect of 
transporting cooled hydrogen gas by pipeline. They found that for tempera- 
tures from ambient to -300 ^F, the optimized pipeline design requires between 
one and two times the compressor power of the nominal case. If an insulated 
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pipe were assumed to be required, as would actualljr be the case, pipelining 
of hydrogen would prove to be more expensive at reduced temperatures • 
Therefore they have concluded that the refrigeration of hydrogen gas is not 
desirable. 

G. G. Leeth of GE also conducted a study comparing hydrogen-transmission 
costs with those of other energy -transmission sy stems. The systems studied 
included energy transmitted in the form of electricity (underground and over- 
head), hot water, chemical heat (EVA-ADAM), hydrogen and oxygen, hydrogen 
(solely), oxygen (solely), and methane. 

This preliminary study of energy transmission showed that for nonfossil- 
fueled energy centers, hydrogen is superior to the other energy-transport 
modes considered. An EVA-ADAM system is intermediate in cost between 
hydrogen and electricity. The hot- water system is slightly more expensive 
than overhead electricity transmission. 

National Bureau of Standards 

C, F. Sindt has conducted a study to determine the most economical 
method for delivering liquid hydrogen. From economic considerations, alone, 
it was concluded that hydrogen should not be liquefied for transmission or 
transport, except when delivery is across an ocean or when the hydrogen is to 
be used as a liquid. However when liquid hydrogen is required, the costs 
of transmission, production, and liquefaction must all be considered before 
the most economical method of delivering the liquid hydrogen can be determined. 

Sindt assumed that hydrogen could be produced by electrolysis, using 
power generated by a large electrical power plant. Various schemes were 
considered for delivering liquid hydrogen to users at distances of 50 and 
100 miles. 

Conclusions from this study indicate that for current electricity bus -bar 
costs, the most practical means for supplying liquid hydrogen to users within 


*Heat from a nuclear reactor is used to provide the endothermic energy for a 
chemical reaction (CH« + H^O it 3Hj + CO) . The products are then 
pipelined to a number of chemical reactors (close to the customers' premises) 
where the chemical reaction is reversed and the heat of reaction recovered. 
The products of this second reaction are pipelined back to the power station 
where they provide feedstock for the first reaction. 
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about 60 miles is by truck. This method of transport is versatile because 
trucks can deliver liquid hydrogen to many different users. If the use is 
at a single installation^ such as an airport, a gas pipeline with a parallel 
power line (to run the liquefier) is the best choice. Such a system has 
the added advantage of situating the liquefier so that any boil-off gases 
from storage, transfer, or detanking operations can be recovered and 
reliquefied. 

For longer distances, from 600 to 1200 miles, railroad delivery of liquid 
hydrogen is attractive. As is the case with trucks in short hauls, railroads 
are versatile because two or more large users at a great distance from each 
other can be supplied with very little additional cost. Again, if all use is 
confined to a single installation or if all the users are close to a large storage 
dewar, a gas pipeline with a parallel electric -power line looks to be most 
efficient and practical. In this case, the liquefier is located so that boil-off 
gas from heat leaks or liquid transfer can be reliquefied. For transoceanic 
hydrogen transmission, liquefaction and shipping is most attractive.. 

Central Electricity Generating Board (CEGB), England 

The total costs of gaseous hydrogen, methanol, and electricity trans- 
mission have been compared in a study by CEGB, Also included in this 
study is a comparison of the relative costs of making electricity and 
electrolytic hydrogen in a base-load plant, transmitting them over 125 miles, 
and distributing them. (See Table 11-3.) These figures indicate that electro- 
lytic hydrogen is much more eatpensive to manufacture, transport, and distribut* 
than is electricity. CEGB concludes that development of a successful thermo- 
chemical process could reverse this situation. 

CEGB, after calculating transmission costs as a function of transmission 
distances, has determined the break-even distances, shown in Table 11-4, 
above which it would be cheaper to transport nuclear energy as electrolytic 
hydrogen than as electricity. 

According to CEGB' s study, the transmission cost of hydrogen gas is 
approximately 7 (^/million Btu for 200 km, and the cost of 765 kV ac of 
overhead electricity is 12l^million Btu for 200 km. However over realistic 
distances, the total delivered cost of electrolytically produced hydrogen 
is not less than the cost of transmitting nuclear energy as electricity. 
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c Table 11-3. ENERGY -TRANSMISSION STUDY BY THE CENTRAL ELECTRICITY 

H GENERATING BOARD, ENGLAND” 

fn 


o 



Manufa ctu ri ng 
EIfficiencv» % 

Manufacturing 
Cost, 
^/lO* Bttt 

T ransmi s sion 
Cost for 
200 km, 
S/lO^Btu 

Subtotal Cost of 
Energy Trans- 
mitted 200 kitiT 
SiO^ Btu 

ConverBion 

and 

Distribution 

Cost, 

5/ 10* Btu 

Total Cost 
Distributed 
Energy^ 
$/IO*Blu 

-71 


Electrolytic Hydrogen 
^Distributed as Gas) 

24-28 

6. 33 

0.07 

6.40 

1.49 

7. 89 

O 
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/Distributed as Electricity) 

12-14 
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0.15 
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3.87 

16.67 
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Table 11-4. BREAK- EVEN ENERGY - TRANSPORT DISTANC ES 


Form of 
tElectvic 
Transmission 

ac 400 kV 

ac 765 kV 

dc (Underground) 


Generation and 
Transmission 
Only 


4780 (7700) 
4780 (7700) 
1680 (2700) 


Generation, 
Transmission, and 
Distribution as a 
Chemical Fuel 
— ttules (km) — — 


3,800 (6,100) 
38, 500 (62,000) 
1,240 (2,000) 


Generation, 
Transmission, and 
Distribution as 
Electricity 

Never 

Never 

14,300 (23,000) 


American Electric Power Service Corp. 

C. A. Falcone has conducted a study ^ comparing the efficiency of a system 
in which electricity is converted (by electrolyzers) to hydrogen, which is trans- 
mitted and reconverted to electricity by a fuel cell, with the efficiency of an 
all-electric system. He shows that the energy-conversion losses in a hydrogen- 
transmission system would result in a much higher total-energy consumption and 
would necessitate greater power-plant capacity for the same level of delivered 
usable energy. Utilization of this mixed system would require about 
2-1/2 times as much primary fuel as a purely electrical production and trans- 
mission system. Also, the hydrogen-electric system would require about 
1.7 times as much plant capacity. 

Falcone mentions that improvements in electrolytic hydrogen-production 
methods and fuel-cell technology could lower the primary-energy consumption. 
Also, development of a highly efficient thermochemical -lydrogen-production 
method could significantly increase the efficiency of the conversion from 
primary energy to hydrogen. The study points out that if hydrogen were the 
preferred fuel for certain end uses in which electricity is unsuitable, the 
efficiency issue would be purely academic. 

Stevens Institute of Technology 

J. G, Hollenberg has completed a study determining the availability and 
desired characteristics for compressors for use in hydrogen transmission. 

In general, before selecting a compressor for a certain application, one must 
determine the performance requirements. These requirements include 
operating -pres sure ratios, efficiencies, flow rates, and special characteristics 
such as pulsations, possible contamination of the g. s by lubricants, life time, 
and maintenance. 

234 


INSTITUTE 


0 F 


GAS 


TECHNOLOGY 


8/75 


8962 


Currently two types of compressors are available for use with hydrogen: 
older, reciprocating machines driven by gas -fueled engines and centrifugal 
turbocompressors driven by gas turbines. Although centrifugal compressors 
may have some more desirable operating characteristics than reciprocating 
machines, the capability of producing high pressure ratios is not associated 
with turbomachinery, unless extensive multistaging is considered. Because 
of hydrogen' s rapid diffusivity, there may be sealing problems with the 
reciprocating machine. The centrifugal compressor has recently replaced 
the reciprocating compressor in many installations because of its increased 
capacity, steady operating conditions, and lower initial cost and maintenance 
expenses. 

According to Hollenberg, a third type of compressor, considered to have 
merit for use in hydrogen transmission, is the regenerative compressor. This 
compressor is capable of producing a dynamic pressure head that would require 
seven or eight stages for production in a centrifugal compressor. Use of the 
regenerative compressor? has been limited because of their low specific speed 
and low operating efficiency (50%) in low speed regimes. Even at very low 
speeds, the regenerative compressor is more efficient than the centrifugal 
compressor. Although much work has been done on the regenerative com- 
pressor since World War I, compressors of this type over 50 hp have never 
been developed. 

University of California, San Diego 

Li. Icerman has conducted a study comparing the relative costs of trans- 
mitting energy as hydrogen, natural gas, and electricity.^® The transmis^^ion 
cost for each was broken down into three components: capital cost, operating 
cost, and annual operating cost (which includes investment, depreciation, and 
taxes). According to Icerman, the cost of energy transmission is dependent 
upon two parameters: pipeline cost and compressor -fuel cost. For example, 
pipeline costs for natural gas constitute from 70% to 90% of the total construction 
cost. 

In Icerman' s analysis, 30 a.nd 36-inch diameter pipes were investigated 
for equivalent energy throughputs of natural gas and hydrogen at a fixed 
transmission distance and pressure. Although a 36 -inch -diameter pipeline 
(tas a higher tonnage and consequently a higher initial cost, its horsepower 
requirement is considerably less. Thus, the capital and operating costs 
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are less and result in an overall cost 13% lower for the 3 6 -inch-diameter 
pipeline than for the 30-inch-diameter pipeline. 

Assuming that a hydrogen pipeline delivers the same amount of energy 
as a natural gas pipeline, results indicate that, because of hydrogen' s lower 
volumetric heating, 3, 2 times as much hydrogen (by volume) must be moved 
to equal the volximetric content of natural gas. At 750 psfa, the different 
compressibility factors for hydrogen and natural gas result in an increase 
in the natural gas-to-hydrogen volumetric -heating -value ratio to about 3.8;1. 
Compressor -fuel costs for the natural gas system accoiant for only 2% of the 
total operating cost. In the hydrogen system, it accounts for 41% . The huge 
gas -volume -flow requirement of hydrogen (compared with natural gas) was 
reflected in hydrogen' s high horsepower requirement (550% that of natural 
gas). Icerman noted that as the pipe diameter increases, resulting in 
lessened horsepower requirements for both natural gas and hydrogen, the 
ratio of hydrogen to natural gas operating costs declines. 

In the comparison of hydrogen-transmission cost with that of electricity 
transmission, both underground cable and overhead lines were considered. 

The cost of hydrogen transmission is from 10% to 60% (for 700kV and 200kV ac, 
respectively) less than long-distance overhead electricity transmission. 
Comparison of \inder ground-cable electricity transmission with overhead 
transmission indicates that underground transmission is from 10% to 20% more 
expensive than overhead transmission. In the future, the cost of electric-energy 
transmission may be as high as 26 times the cost of hydrogen transmission 
(at an equal energy -delivery rate). 

Discussion of Transmission Studies 

Hydrogen -transmission studies have generally included economic and 
technological assessments of present capabilities to transport pipeline 
hydrogen. The cost of transmitting hydrogen 100 miles in underground 
pipelines is approximately 1.4 to 1.6 times that of an equivalent energy 
capacity of natural gas transmitted by underground pipeline, if compressor- 
fuel costs of both fuels are considered to be the same (e. g. , if both com- 
pressors are electrically driven). Electrically driven compressors have 
been used in transmission systems, but recently intermediate pipeline 
compresBo s on natural gas transmission lines were adapted to operate on 
natural gas. If natural gas were assumed to drive intermediate pipeline 
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compressors for pipeline gas transmission, the transmission cost of natural 
gas would be far lower, and the corresponding cost of transporting hydrogen in 
hydrogen-driven pipelines would be 2 to 3 times as great per 100 miles. 

Compressor and driver availability for hydrogen transmission is some- 
what questionable. Reciprocating compressors could be used with hydrogen 
pipelines. Many reciprocating-compressor installations are handling hydrogen 
under various conditions of pressure, temperature, water-vapor content, and 
corrosiveness. Compression cylinders would need to be quite large to trans- 
port pipeline quantities of gaseous hydrogen, but these large machines are 
currently available. One problem with using such a compressor for pipeline 
service is obtaining an engine driver that would attain sufficient power and 
rpm. 

Currently operational turbocompressors that are designed for high 
throughputs of gas have never been utilized in operations involving high 
operating pressures. Hydrogen -fueled gas turbine drivers could be used to 
power centrifugal compressors; however, the technology involved is currently 
unproved for industrial applications. Other types of newer compressors — 
including axial, regenerative, and screw compressors — could be used 
in hydrogen transmission, as long as developmental research is undertaken. 

When electricity-transmission cost is compared with the cost of pipeline 
transmission of natural gas or hydrogen, pipeline transmissim is seen to 
be much cheaper (on an energy -delivered basis) . Depending on the type of 
transmission considered, electricity may be from 5 to 20 times more costly 
to transmit than natural gas (for an equivalent amount of heat energy) 

Because transmission of hydrogen gas is expected (from calculations) 
to be cheaper than electricity transmission, the production of hydrogen from 
water, along with subsequent transmission, could be an economical alternative 
to the nnore costly electricity transmission associated with the nuclear era. 

It has been suggested that as transmission distances increase, pipeline trans- 
mission of gaseous fuel will be vastly more economical than electricity 
transmission. 
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If a customer requires electrical energy, however, transmitting the 
energy in the form of hydrogen and reconverting it to electricity results in 
large energy- conversion e^iciency penalties, which result in much additional 
cost. This increased cost is a direct reflection of increased capital costs 
for nuclear capacity. However, if the delivered hydrogen could be used directly 
as a fuel, the overall system efficiencies would probably be more attractive. 

As shown in Table 11-5,*^ production of hydrogen by electrolysis could result 
in an energy system less efficient than electricity. However, if space or 
industrial heating is desired rather than work (electricity) and/or if 
thermochemical methods of hydrogen production could be implemented, then 
an energy system that used hydrogen as its transmittable energy form would 
have a great deal of merit. 

Table 11-5. COMPARISON OF ENERGY-SYSTEM EFFICIENCIES 


Transmission, 

Future Nuclear Storage, and System 

System Heat to fuel Distribution End Use Efficiency 


Hydrogen (95% 

Eff. Electrolyzer) 


Electricity 

Hydrogen 
( Thermo - 
chemical) 


% Efficiency 


42. 8 

95 

70 (Flame) 

29 



84 (Catalytic) 

34 

45 

>)! 

90 

95 

38 

55 

95 

70 (Flame) 

37 



84 (Catalytic) 

44 


Estimate of transmisson and distribution efficiency. 


Hydrogen Embrittlement 

One of the major requirements for the handling, storage, and transmission 
of hydrogen is a material that will not be susceptible to severe degradation of 
its mechanical properties by atomic and molecular hydrogen. Because hydrogen 
readily diffuses into most structural materials, embrittlement is a serious 
factor that must be considered in designing for the containment of gaseous 
hydrogen. Materials for construction of compressors, pipelines, and storage 
vessels must be tested to determine whether or not they are suitable for use 
with hydrogen. For example, failures because of embrittlement in gas pressure 
vessels have occurred at as little as one-tenth of design pressure.^® 
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Although the degradation of metals by hydrogen has been recognized in 
the failure of certain structures, the specific mechanism involved is not clearly 
understood. Currently, three explanations for the problem are proposed; 

1. Hydrogen-reaction embrittlement 

2. Internal hydrogen embrittlement 

3. Hydrogen-environment embrittlement. 

Hydrogen-reaction embrittlement is a result of the chemical reaction of 
hydrogen with a metal or some alloy. Some examples of hydrogen-reaction 
embrittlement are the formation of irreversible hydrides of titanium, niobium, 
zirconium, and tantalum; the decarburization of steels; and the formation of 
high -pres sure water bubbles and methane in metal voids. 

Both internal and environmental hydrogen embrittlement result from 
hydrogen atoms dissolving in the metal. Any hydrogen- containing chemical 
solution can cause internal hydrogen embrittlement. This problem is often 
encountered in metal- or petrochemical-processing facilities. Hydrogen- 
environment embrittlement is the degradation of mechanical properties resulting 
from the adsorption of hydrogen on the surface of a metal. This type of 
embrittlement manifests when a crack begins to form in a metal in the 
presence of hydrogen. 

The degree of hydrogen embrittlement depends on the following; 

a. The metal and its constituents, along with its micro structure 

b. The applied stress and impurities present in the hydrogen environment. 

The rate of strain is a parameter important in determining the degree 
of embrittlement, liow strain rates promote maximum embrittlement, allowing 
hydrogen transport near the crack tip. Metals conditioned for high strength 
are often more susceptible to embrittlement than their lower strength 
counterparts. 

The purity of the hydrogen environment can have profound effects on the 
degree of embrittlement. Small amounts of oxygen and some inert gases, in 
some instances, have totally eliminated the embrittling capability of hydrogen. 
Small additions of oxygen, suflur dioxide, carbon monoxide, and carbon 
disulfide are also effective embrittlement inhibitors. The effects of protective 
coatings have also been investigated. An effective coating must have a low 
permeability, must be nonporous, and must adhere well to the substrate. 
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Protective coatings do have potential benefits for use with hydrogen, but 
economics will be important in the final selection. 

No evidence has been presented that indicates embrittlement problems 
with nonmetals, although little research has been performed in this area. 
Permeation through polymers, although much greater than through metals, 
is not expected to be a probleni in plastic pipes. 

Because hydrogen transportation and storage systems might operate at 
moderate pressures (1000 to 2000 psia), there will certainly still be situations 
in which a combination of moderate pressure, room temperature, and high- 
purity hydrogen will lead to the degradation of the proposed structural 
materials, A considerable amoiuit of work has been done in the area of 
hydrogen embrittlement of structural materials.^® However, work done to 
evaluate hydrogen-embrittlement problems for materials used in pipelines, 
storage facilities, and other areas of the hydrogen economy is somewhat 
limited. 

Recent work performed by the Battelle Memorial Institute for IGT and 
the American Gas Association was to determine whether or not hydrogen 
embrittlement of pipeline materials would be a significant problem in a 
hydrogen-energy system, ® It was shown that certain hydrogen-induced problems 
(hydrogen stress cracking, loss of metal ductility, and hydrogen-environment 
embrittlement) could be expected with the operation of a hydrogen pipeline. 

Few problems are anticipated in the bulk of the pipeline, whether it is made 
from current standard pipe steels or from a higher strength steel with a 
yield strength of from about 100,000 to 112,000 psi. The abovementioned 
problems would be associated with regions of the pipe that exhibit al?normal 
properties, such as hard spots (concentrations of high-strength material or 
hard-weld zones) and certain defects or other factors increasing stress 
(such as abrupt changes in section), or that are subjected to excessively 
high soil stresses. Problems may also be encountered with a few of the 
compressor parts that are made from higher strength steels. 

Conclusions from results obtained by the Sandia Laboratories indicate 
that the hydrogen-embrittlement problems of proposed pipeline and storage 
structures may be surmounted by careful and costly design, Economics 
will be a problem because the size of the facilities and quality control dictate 
the use of low-cost materials. With xmderground pipelines, the problems are 
compounded by corrosive attack, which leads to the initiation of cracks, 
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Therefore, improved structural materials for the storage of hydrogen as 
metal hydrides or cryogenic hydrogen are required so that design of the unit 
wil be economical. 

Hydrogen Storage 

A capacity for storage is needed in any energy<-delivery system for two 
fundamental reasons: ij to be able to reconcile the seasonal variations in 
demand with the economic requirements for a virtually steady rate of pro- 
duction and transmission and 2) to accommodate temporary interruptions in 
production and transmission and to compensate for the inability to make accurate 
short-term forecasts of dernamd. Storage systems are incorporated in all 
natural-gas -energy systems, and the same capability must be provided in a 
hydrogen-energy system. The specific type of storage selected will be 
determined by various local requirements and constraints. An Important 
parameter in the selection of a storage type is voltime or storage purpose 
(e.g., seasonal, daily, hourly, or security). Some background on natural- 
gas -storage systems is provided to show the types of systems that will be 
required for a hydrogen-energy system. 

Storage of natural gas is required to compensate for variations in 
demand for energy between winter and summer. The degree of the "seasonal 
energy swing" depends on the difference between the amount of gas required 
for home and commercial heating and that required for nonwinter needs. For 
example. Consumers Power Co», serving the mid-Michigan area, reports a 
typica l demand of 2. 2 billion SCF/day in July and 16 billion SCF/day in 
Deceii'ber. This seasonal variation factor of approximately 7 is accommodated 
by dependence on depleted-field underground storage, in which gas from 
transmission lines is injected to storage during the nonheating periods of 
the year. 

Most gas -distribution systems experience brief periods (from 1 to 3 days) 
of yearly maximum demand. Instead of sizing main sources of supply to 
accommodate daily peaks, it is more economical to introduce supplementary 
supplies that are stored near the load centers. A typical form of peakshaving 
used in the gas industry is provision of storage facilities for either natural 
gas (for example, as IJNG) or propane, which is mixed with air to produce 
substitute natural gas. In addition, a small storage capacity exists within the 
transmission lines. This capacity, known as "linepack, " becomes available 
by allowing the mean operating pressure of a pipeline to fluctuate during the 
periods of variable demand. 

241 

INSTITUTE OF GAS TECHNOLOGY 


3 

i 

‘Y 

j 

I 

I 




I 

I 



8/75 


8962 


Methods of Hydrogen Storage 

A number of methods exist for the storage of hydrogen, whether liquid 
or gas. Each of these will be treated in turn. 

Metal-Hydride Hydrogen Storage 

Hydrogen can be stored by chemically combining it with various metals 
and alloys to form hydrides. Heat is released during the hydriding process. 
During the dehydriding process, the hydride is dissociated by heating, and 
hydrogen gas is released for use. Hydrogen storage densities equivalent to 
liquid-hydrogen densities can thus be obtained. At present, the main technical 
drawback of metal-hydride storage is the very high overall weight and volume 
involved. Other critical factors in a hydride system are enthalpy or heat of 
formation, equilibrium pressure (as a function of temperature), cost, abun- 
dance, physical form, rate of formation and dissociation, physical stability, 
tolerance to impurities, and safety. 

Many pure metals and alloys (including lanthanum, samarium, and other 
rare-earth-metal alloys) are considered candidates for hydr'de formation. 
Current research is focused on the development of cheap metals or alloys, 
rather than on development of the generally expensive rare earth metals. 
Development of iron-titanium alloy (FeTi), which is a relatively inexpensive 
material, is under way. 

The basic reaction in the hydriding of FeTi alloy, a representative 
alloy-hydriding system, is — 

- AHf 

1.08 FeTi Ho. 1 + Hz «♦ 1. 08 FeTi Hi., g 

AHf 

The hydride decomposes readily at a pressure that is dependent upon alloy 
composition and temperature. Figure 11-4 illustrates this behavior in an 
FeTi system operating at 63 ° F, A characteristic curve may be drawn for 
any hydride at any operating temperature. 

The lower curve in Figure 11-4 represents the dissociation pressure 
for the reverse reaction; and, as shown, higher pressures are needed for 
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the forward reaction. Impurities commonly present in commercially pro- 
duced alloys can change the isotherm slope and may reduce the storage 
capacity of the hydride,*® 

Other candidates for metal-hydride hydrogen storage and their properties 
are shown in Table 11-6. These alloys are being studied at research 
laboratories around the world, as shown in Table 11-7. 

Table 11-6. CAl'JDIDATES FOR METAL-HYDRIDE STORAGE 


Hydride Material 

LaH ig 
LaCuNl4 

^ao.7^®o.3^is 

SmOOg 

MmNig 

Mmo.ssCeoasNig 

Vanadium 

Niobium 

Magnesium 

FeTi 

^8o .93^i0'07 

V(0.93%Si) 


Heat of 
Formation, 
cal/mol 

- 7, 200 

-7, 500 

-7, 00(7 
-6, 500 
-6, 500 
~6, 500 
- 9,600 
-7, 000 
-17,800 
- B, 500 
-17,000 
-9.600 


Grams of Hydro- 
gen/Grams Metal, 
wt % Hydrogen 

1.52 

1.35 

1.6 

0.67 

1.5 

1.5 
5.9 
2 . 1 

7.6 

1.8 

5.7 
5.6 


Effect of 
Other Gases 
(Water Vapor 
and Oxygen) 

Small 

Small 

Small 

Small 

Small 

Small 

Large 

Large 

Large 

Large 

Large 

Large 


Relative 
Rates of 
Absorption 

Fast 

Fast 

Fast 

Fast 

Fast 

Fast 

Fast 

Slow 

Fast 

Fast 

Fast 


* Mm = "mischmetal, " a mixture of rare earth metals in their naturally 
occurring composition. 

Two design schemes have been developed by Brookhaven National 
Laboratory for an FeTi -hydride, hydrogen- storage system.*^ The major 
difference between the two designs is the method of system heat transfer for 
metal hydriding and dehydriding. One scheme (circulating hydrogen gas) 
uses gaseous hydrogen as the heat-transfer fluid for cooling the hydride bed 
during hydriding and for providing heat of dissociation during dehydriding. 
Development of this concept has ceased because a large quantity of hydrogen 
(50 times as much as is being stored) is required. 
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Table 11-7. HYDRIDE RESEARCH IN PROGRESS 


Organiaation 


Project 


Brookhaven National 
Laboratory 

Public Service Electric 
and Gas Co. 

Billings Energy Research 
Corp. 

Ames National Laboratory 
(Iowa) 

Allied Chemical Corp. 
Phillips Research 
Denver Research Institute 


Alloy hydrides — properties 
Iron-titanium — engineering design 
Peakshaving system design 

Peakshaving demonstration 
"Gas -electric transformer" 
system analysis 

Iron titanium for vehicles 


Basic rare-earth hydride chemistry 


Basic hydride chemistry — alloys 
Lanthanum -nickel — basic chemistry 
Basic 


University of Virginia 
Sandia Laboratories 
Daimler-Benz Ag 
Battelle -Geneva 


Basic 

Basic 

FeTi for automobiles 
Basic 


Harwell, U.K, 


NiHg battery 


The other scheme uses water, circulated in tubes throughout a fixed 
hydride bed, for heat transfer. Hydrogen is only circulated in the metal- 
alloy-containment (FeTi) section. With this system, a greater overall 
heat-transfer coefficient is obtained. Also, attrition (metal-alloy breakdown 
into small particles) resulting from the passage of hydrogen through the 
bed throughout its lifetime is minimized. The rate of attrition would be 
more rapid in a circulating-gas design because a large quantity of hydrogen 
is circulated. A small fixed-bed hydride system was subjected to an. endurance 
test of 1200 cycles. (Hydriding and dehydriding equals one cycle.) Test 
results indicate that because of the attrition of metal particles, the hydride- 
bed pressure drop increased from a few inches water column to about 15 psia. 


Brookhaven is currently examining the effect of the impurities contained 
in the hydrogen on hydride-bed performance. Oxygen (from 15 to 20 ppm), 
carbon monoxide, hydrocarbons, and water are expected to reduce the hydrogen- 
storage capacity of the hydride bed. 
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Capital cost estimates for a fixed-bed, hydride-storage system are not 

reliable because they are not associated with complete plant design. 

Researchers at Brookhaven*® have made a preliminary cur rent -capital- cost 

estimate of $5/kWhr for a hydride -storage system operating at 32 atm, 

assuming high-pressure hydrogen is available for hydrlding. This figure can 

then be multiplied by ^ total hydride-bed charging time (e.g. , 10 hours) to 

arrive at a hydride-system capital cost (here, $ 50/kW). Brookhaven^® personnel 

also pointed out that the fixed-bed, hydride-storage system would be 

independent of "economies of scale" because the system would be modular 

in design. However, the optimum modular size has not yet been determined. 

* 

Brookhaven has built a fixed-bed, hydride -storage system for Public 
Service Electric and Gas Co. ' s experimental energy-storage system,*^ 

This reservoir was designed for use with an electrolyzer and fuel cell. It 
will take up hydrogen at a rate greater than 1. 5 Ib/hr and will deliver it 
at a rate greater than 1,0 Ib/hr. (Its working capacity is significantly more 
than the 10 pounds of hydrogen originally specified,) A compressor is required 
to pressurize the hydrogen leaving the electrolyzer so that a practical sorption 
rate is obtained. The temperature and flow rate of the water in the hea t- 
exchanger tubes are also important factors in sorption and desorption rates. 

The last two factors will be capital-intensive factors in the design of larger 
hydride- storage systems. 

The cycle efficiency of a metal-hydride -storage system could be greater 
than 90%, The efficienc / of the system is defined as the lower heating value 
of the hydrogen put into storage minus the power consumed by the hydriding- 
dehydriding process divided by the lower heating value of the hydrogen put 
into storage, 

Liquid-Hydrogen Storage 

The most promising application for cryogenic hydrogen lies in bulk trans- 
portation of energy by rail or truck, with certain reservations. According 
to Linde,'® hydrogen should be liquefied only when long-distance transmission 
is required and no pipelines are available. 
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At the hydrogen-usage location^ storage capacity for greater than 
1 million gallons could be required. Liquid hydrogen has been stored in a con- 
tainer of about this volume at NASA Kennedy Space Center. There are several 
smaller liquid -hydrogen storage tanks, sized from 200,000 to 300,000 gallons, 
at other NASA installations. Typically, liquid -hydrogen storage for private in- 
dustry ranges from 15,000 to 26,000 gallons. Smaller liquid -hydrogen tanks 
(from 3000 to 6000 gallons) have also been installed for industrial use. Because 
of the extremely lour temperature of liquid hydrogen (-423“ F), double-walled, 
vacuum-insulated dewar storage vessels are required to minimize evaporation 
losses and to prevent condensation of air. The spherical vessel shape is a re- 
sult of design constraints posed by the vacuum -jacketed insulation system. For 
some containers, dally boil-o£f losses are as low as about Q.5% Materials com- 
patible with liquid-hydrogen temperatures, such as stainless steel (300 series, 
typically) or aluminum alloys, must be used for the inner liner. Capital 
costs for vacuum-insulated, liquid-hydrogen storage tanks (of larger capacities) 
are between $2 and $4/gal of liquid hydrogen stored. 

The liquid-hydrogen transfer and handling lines that were used success- 
fully in the space program are very expensive. Cryogenic instrumentation 
has not advanced significantly in the last 10 years, Insti^uments suitable for 
aerospace applications are too costly for most commercial application, so 
rugged and reliable instruments that can be inexpensively mass-produced are 
needed. 

It might be possible to store large volumes of liquid hydrogen below 
ground, Some differences'® between above- and belowground storage systems 
for LNG include — 

1. Gradual freezing of the soil adjacent to tmderground storage areas, 
resulting in lower temperature gradients than with aboveground systems 

2. Contribution by the frozen area of some additional thermal -insulating 
value beyond that of any applied insulation 

3. Reduction of liquid-spill problems because of the frozen-earth wall 
surrounding the area 

4. Requirement of more soil investigation and an increased site dependence 
with underground systems. 
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The fact that the temperature of liquid hydrogen ia much lower than that 
of LiNG will amplify these four observations. In order to reduce evaporation 
losses to the same level as for LNG, liquid-hydrogen storage will require 
more insulation of underground containers. In addition, a liner that is resistant 
to hydrogen-gas permeation will be required to prevent gas from leaking into 
the insulation^ There should be no appreciable difference in the effect of the 
liquid hydrogen on the soil, except that greater areas around the storage site 
will be affected because of the greater temperature gradient. 

The three forms of underground liquid-hydrogen storage that could be 
investigated to determine their technical and economic aspects are^® — 

1, Frozen, in-ground storage (excavated pit) 

2, Prestressed-concrete-tank storage (underground) 

3, Underground-cavern storage. 

In addition to the cost of storage, handling, and transmission equipment 
for liquid hydrogen, ^e cost of liquefying the hydrogen must also be analyzed 
because it can far outweigh storage costs, A hydrogen liquefier typically 
utilizes a nitrogen precooler -expander process in which hydrogen is recycled 
to provide refrigeration .tt three temperature levels below 80 ®K. Two levels 
of refrigeration are provided by the hydrogen turbines, and the third is achieved 
by Joule -Thompson throttling of a portion of the high-pressure recycle 
hydrogen. 

In addition to the work required to cool and liquefy the hydrogen, there 
is another energy-coS»suming process encountered in liquefaction that results 
from differences in the electron spins of the hydrogen nuclei in the molecule. 
Hydrogen molecules that have symmetric nuclear spins are referred to as 
ortho hydrogen (oH^), and those that have asymmetric spins are referred 
to as para hydrogen (pH^). Hydrogen is a mixture of 0 H 2 and pH 2 at an 
equilibrium ratio, which is a fuiiction of temperature. The equilibrium para 
composition is about 26^ at ambient room temperature and above. However, 
the para content increases with decreasing temperature, reaching an equilib- 
rium composition of 99.79% PH 2 at the atmospheric boiling point of liquid 
hydrogen, 20.39®K.*^ 
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Consideration mujt be given to the two hydrogen forms because of their 
difference in energy. At any temperature, the para form represents the 
lower energy state. To liquefy hydrogen and to maintain it in a stable state, 
sufficient energy must be removed not only to cool and liquefy the hydrogen, 
but also to convert the oHg to pHa, In converting oHj to pHg, 609 Btu/lb-mol 
(which exceeds the heat of vaporization of oHa# 385 Btu/lb-mol) must be 
removed. The total enthalpy change in liquefying oHa and converting it to 
99,79% pHa once it is cooled to liquefaction temperature is, therefore, 

840 Btu/lb-mol. 

At and above 80 ^K, refrigeration is provided by 1) a stream of cold 
nitrogen gas that is used to help precool the combined feed and recycle 
stream and 2) a stream of nitrogen liquid that is used for additional cooling. 

The hydrogen feed stream is cooled, continuously, down to the temperature 
of the exhaust from the cold turbine, after which it is throttled, passed 
through a catalytic converter for trimming purposes, and then subcooled 
in heat exchange with hydrogen boiling at low pressure.'’ 

Cold exhaust streams from the expanders are warmed in covinter-current 
heat exchange with cooling hydrogen streams, are combined, and are finally 
returned to the suction of the recycle compressor. Vaporized hydrogen from 
the final subcooler is combined with flash vapor from throttling and is then 
warmed in heat exchange with a cooling stream and returned to the suction 
of the subcooling-fluid compressor, which in turn discharges to the suction 
of the recycle compressor.'’ 

I-iinde considers the estimated capital-equipment cost for a liquid- 
hydrogen plant with capacity greater than 10 tons/ day (and throughout the 
medium plant size range) to be approximately $500, 000/ ton of hydrogen 
liquefied per day,'® Much higher relative capital- equipment costs per output 
would be associated with small plant sizes, and very large plants would have 
lower relative capital costs per output than medium-size plants/? Air Products 
and Chemicals, Inc, , considers hydrogen-liquefaction-plant design economically 
undesirable below a 15 ton/ day plant size because the high cost of component 
parts are reflected in high hydrogen-product costs. 


249 

INSTITUTE OF GAS TECHNOLOGY 





8/75 


8962 


The reversible work necessary to liquefy hydrogen has been determined 
to be 1.773 kWhr/lb in going from 308 (95®F) at 1 atm to the final condition 

of liquid hydrogen (97% para content) at 20. 57®K and 135 psia. Under these 
conditions, the minimum energy requirement, using current technology, 
is 4,9 kWhr/lb. More than half of the energy losses can be attributed to the 
compressor. This figure indicates that approximately one-third the lower 
combustion value of a pound of hydrogen is needed to liquefy it, not including 
energy that might be needed to purify the gaseous hydrogen feed to cryogenic 
standards. The j^ractical cycle efficiency of a hydrogen-liquefaction storage 
cycle, defined as the net heating value of the hydrogen minus the power consumed 
divided by the net heating value of the hydrogen, would be from 65% to 68%, 

Conversion from ortho to para hydrogen proceeds spontaneously, but 
at a slow rate. Auto conversion of liquid hydrogen in storage will occur, 
resulting' in a severe boiliroti (about 1%/hr, neglecting heat effects) that will 
decrease with increasing conversion. 

As the para content of the liquefied hydrogen approaches equilibrium, 
the power requirement for liquefaction Increases, but the storage loss 
decreases. Consequently, the optimum para content of the product is a 
ftmction of the mean storage time. For example, calculations*’ show that for 
95% para liquid hydrogen, the conversion boil-off loss is 1.24% over a 2-week 
period. If the plant were to produce only 75% para, product boil-off losses 
over a 2-week period would be 19.1%.*’ However, for each initial composition, 
a break-even period exists during which the energy cost for conversion equals 
the energy cost for the vaporized hydrogen. If the hydrogen is used within the 
break-even time limit, partial conversion is advantageous with respect to 
energy consumption. 

Underground Compressed-Gas Storage 

The natural ^as industry currently relies on cheap underground gas 
storage to meet seasonal peak gas demands. There are five underground- 
gas -storage systems that may be applicable to hydrogen-gas storage 

1. Depleted oil and gas fields 

2. Aquifers (subterranean porous rock structures containing water) 

3. Salt cavities 
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4. Natural or mined cavities in rock 

5. Cavities induced by nuclear explosions. 

A description of the above methods and comments on their applicability 
for hydrogen>gas storage are provided. A natural gas analogy is given in 
some instances. 

Depleted Oil and Gas Reservoirs 

Natural gas has been successfully stored in depleted gas and oil reservoirs. 
The gas is stored in the void spaces of porous rock structures such as sandstone. 
Sufficient porosity (providing storage volume) and permeability (to permit 
movement of gas into and out of the structure) are essential features. A 
leak-tight "cap rock" formation on top of the storage structure provides a seal. 
Cushion or nonrecoverable gas is required, and the pres sure -injection level 
will determine the final quantity of gas stored. 

This method may be considered for hydrogen storage because the gas- 
tightness of the reservoir does not depend on the nature of the gas contained. 

Cap rock is usually saturated with water. Capillary resistance of water 
within the pores will form a positive seal, regardless of gas-molecule size. 

Thus, hydrogen should be storable at pressures equivalent to those employed 
with natural gas. 

For several years, the U.S, Department of the Interior, Division of 
Helium, has injected helium (a "leaky" gas) at a pressure of 817 psi into the 
Cliffside Field in Amarillo, Texas, Careful retention monitoring of the 
field should provide valuable information concerning possible hydrogen ^ 
storage. 

Aquifer Storage 

Bearing much resemblance to depleted-gas -field storage, but having 
no native hydrocarbon deposits, aquifer storage of gas is also used. Injected 
gas displaces water in porous rock, forming a trapped "bubble" at or near 
local hydrostatic pressure. The gas -water interface is highly mobile, a 
function of the injection-withdrawal cycle. Gas storage is intact as long as 
"threshold pressure" (a gas pressure high enough to completely displace the 
water from the cap rock pores) is not exceeded and the aquifer maximum - 
volume limit is heeded. 
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Aquifer storage of hydrogen seems to be quite possible because the 
water-saturated cap rock seal can be used. An aquifer storage field in 
Beynes, near Paris, was operated successfully on manufactured gas (about 
one -half hydrogen) for about 10 years. 

Salt-Cavern Storage 

Salt caverns, formed in underground salt strata and salt domes by 
"solution mining, " have been used for the storage of L.PG and for limited 
storage of natural gas. The technique for forming salt cavities via solution 
mining is well developed. Basically, water is pumped in, and brine is 
removed so the cavity geometry is leached out. Hydrogen storage in salt 
cavities has already been demonstrated by the British Chemical Industry, 

Salt strata occur in various parts of the United States, and the estimated 
total U.S, capacity of salt-cavity storage wells is currently about 200 million 
barrels. However, additional capacity can be readily added. 

Natural or Mined Cavities 

Where appropriate porous rock structures, salt strata, or salt domes do 
not exist, it is possible that natural or mined cavities could be used for the 
storage of gases (including hydrogen). However, experience in this area is 
limited. Assuming that a sealing structure functionally analogous to water- 
saturated cap rock exists, such cavities should be reasonably leak -tight. 

Cavities Induced by Nuclear Explosions 

The energy released by a subterranean nuclear explosion causes an 
adiabatic shock wave With temperatures and pressures on the order of 
1 million °F and 1 million atm, respectively. A nearly spherical shape 
remains after condensation and solidification of the molten phase. How- 
ever, if the reflected shock wave returns from the surface with too much 
force, the cavity will collapse, resulting in a "chimney formation, " Much 
remains to be learned about threshold pressvire, impermeability, fracture 
susceptibility, and radiation decay before gas can be stored'in such cavities. 

An example of such a structure is the stable spherical cavity with a 
radius of 87 feet at a depth of 1200 feet produced by the "Gnome Event. " 

If gas pressures of up to 1 psi/ft could be maintained, approximately 
290 million SCF of natural gas could be stored there. 
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Linepack Compressed-Gas Storage 

If pipelines of conventional sines and numbers, comparable to those 
used in natural gas systems, are incorporated in the hydrogen-transmission 
system, linepack storage vrill probably play only a small role because of 
hydrogen' s lower volumetric heating value (compared with that of natural gas). 
However, if pipes of larger diameters are incorporated in the systems, linepack 
storage could become significant. 

Underwater Compressed-Gas Storage 

Underwater gas storage at the equivalent hydrostatic pressure in low-cost, 
thin-walled containment membranes shows great promise. A spherical 
container can be used as a storage vessel. At greater depths, the water pressure 
and constant low temperatures are advantageous for the storage of large quantities 
of gas. Another advantage would be afforded by underwater storage in oceans, 
in which case the salt in the water would prevent hydrate formation. Safety, 
leakage, collection, and contamaination problems will be held to a minimum in 
underwater hydrogen storage. 

Aboveground Compressed-Gas Storage 

Current technology allows for the aboveground storage of hydrogen in 
medium- and high-pressure vessels. Much operating experience has been 
obtained in the pressure -vessel storage of hydrogen. Most pressure-vessel 
materials are not susceptible to hydrogen embrittlement. High-pressure 
storage is technically sound; however, high capital costs are involved. 

Pressure vessels are currently available from United States Steel Corp, 
for large-scale storage of hydrogen at 500, 1295, and 2400 psi, as shown 
in 7’able 11-8. 

Concluding Comments 

Three systems of aboveground storage may be considered for hydrogen- 
energy storage. Both hydrogen liquefaction with subsequent storage and 
compression of hydrogen with high-pressure tube storage are currently in use. 
Metal-hydride storage is currently under development. 
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Table 11-8. PROPERTIES OF U.S. STEEL. CORP. ' S HYDROGEN- 

STORAGE VESSELS 


Presaiire» 

psi 

Size 

No, of Vessels 
Required to 
Store looser 

Vessel 
Cost. $ 

500 

^4-^n* OD 
40 ft long 

265 

3300 

1295 

24 -In- OD 

40 ft long 

116 

3500 

2450 

24-in. OD 
20, 5 ft long 

136 

3900 


Vessel 
Mounting 
Cost, $ 

V e s s el 
Manifolding 
Cost, $ 

Total Capital Cost 
for 10^ SCF 
Capacity, $l0^ 

540 

250 

i-oa 

540 

275 

0,50 

540 

300 

0.65 


A75092207 


Selection of a hydrogen-storage scheme will depend on many application 
features, including storage capacity, duration of storage, hydrogen-charging 
capacity, amount of storage -system use, and associated costs. Table 11-9 
is a comparison of some of the characteristics of the three methods proposed 
for aboveground hydrogen storage. 

Table 11-9. RELATIVE COMPARISON OF 
HYDROGEN -STORAGE METHODS 


Point of Comparison 

Metal Hydride 

Liquid 

Compressed Gas 

Capital Equipment 
Cost, $/l000 SCF 

400-600 

1000-1300 

800-1100 

Energy Expenditure, 
kWhr/lb of hydrogen 
storage cycle 

0..8-1 

4-5 

0. 5-1 

Intermittent-Operation 

Capability 

Good 

Fair 

Good 

Hydrogen Volume per 
Container Volume 

Medium 

High 

Low 

Storage Stability With 
Full Storage Volume 

Good 

Medium 

Medium 

Storage-Vessel Cost 
as % of Total Storage 
Cost 

Medium 

Low 

High 

Equipment Necessary 
to Admit Hydrogen Into 
Storage as % of Total 
Storage Cost 

Medium 

High 

Low 
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Several alternative systems for the underground storage of gaseous 
hydrogen exist, and abundant experience wilii underground storage of natural 
gas has been obtained in connection with depleted gas fields and aquifer reser- 
voirs. An advantage with these methods of hydrogen storage is the water-sealing 
property of cap rock, which prevents diffusion of hydrogen gas. 

Much less experience has been gained with salt cavities and natural and 
mined cavities. Many technical and economical advantages are claimed 
for the underground storage of hydrogen gas. Further investigation of each 
underground method of gas storage is warranted. 

Hydrogen in Gas -Distribution Systems 

Introduction 

Although there are many research and development programs (recent 
and current) related to hydrogen energy, none deals directly with testing the 
conventional gas -distribution system for use with hydrogen. Additionally, 
there have been no demonstrations of hydrogen delivery by conventional 
(modern) gas -distribution systems. Hence, very little information is avail- 
able on the compatibility of this system with hydrogen. We can only describe 
the natural-gas -distribution system in the United States and note the compat- 
ibilities and problems expected in use with hydrogen. 

The Gas -Distribution System 

The U.S. gas -distribution system typically consists of one or more net- 
works of piping that ca!rry the gas to the consumers from the various sources 
of supply; city-gate station, gas -storage facilities, 2 ind gas -manufacturing 
plants. Figure 11-5 is a schematic of the various components of a repre- 
sentative distribution system that includes a manufactured gas supply.^ The 
latest available statistics show the purchased and produced gas to be 
18, 730 trillion Btu of natural gases per year and 30 trillion Bta of manufactured 
and substitute natural gas per year. (Annual production of SNG is growing at a 
very rapid rate. ^) Hence, the primary source of gas for most distribution 
systems is pipeline natural gas fed through one or more city-gate stations. 

The basic fxmctions of these stations are to meter the gas and to reduce the 
pressure of the gas from that of the pipeline to that of the distribution system. 
Most stations measure the gas wich orifice meters. Controlled pressure 
reduction is accomplished with pressure regulators that control the rate of 
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Figure 11-5. 


GAS -DISTRIBUTION SYSTEM WITH REPRESENTATIVE 
SUPPLY SOURCES 


gas flow through the station, thus maintaining the desired pressure level at 
its outlet. 

Before the gas leaves a city-gate station, a small, controlled amount of 
a substance with a strong, penetrating odor is injected into it with an odorizer. 
This odorant warns customers of the presence of unburned gas before it can 
accumulate to a hazardous concentration. The piping that transmits the gas 
from the city-gate station to the remainder of the distribution system is the 
supply main. Beyond the supply main, the piping in the distribution system 
can be categorized as^ — 

1. Trunk mains, transmitting gas from a major source (such as a supply 
main) to feeder mains 
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2. Feeder mains, transmitting gas from trunk mains to distributor mains, 
as well as to the services connected to them 

3. Distributor mains, supplying gas primarily to services 

4. Services, delivering gas from a main to customers' gas meters. 

Many distribution systems consist of several superimposed networks of 
piping operating at different pressures. Gas from high-pressure supply mains 
may be fed through pressure regulators into high-, medium-, or low-pressure 
distribution networks. High-pressure distribution networks, operated at 
from 15 to 75 psig, are of two types; 

1, Networks that serve customers directly 

2. Networks that are used primarily to feed gas into medium- (from l/2 
to 15 psi) or low-pressure (4 to 12-inch water column) distribution 
networks. 

Although classification of piping networks by pressure level is quite common, 
there is no standard terminology ar pressure range covered by each classification. 

The fuel lines of residential customers are usually operated at pressures 
of from 4 to 10-inch water col\mm, the pressure required for proper appliance 
performance. Consequently, it is necessary to install a service regulator 
in each residence fed directly by a medium- or high-pressure distribution 
system. This regulator reduces the pressure from that of the main to that 
of the fuel line. 

The basic distribution system in most older, large cities is a low- 
pressure, cast-iron pipe system. Most of the piping in these systems was 
laid during the manufactured-gas era when gas (containing up to 50% hydrogen) 
was produced at low pressure and compression was a relatively expensive 
operation. With higher pressure natural gas now available, major portions 
of new distribution systems are medium- or high-pressure networks of steel. 
Conseqv.ently, most older low-pressure systems are now ringed and overlaid 
with medium- and high-pressure piping grids. ^ Although these modern distri- 
bution grids were designed for use with natural gas and have never been tested 
with hydrogen, major problems in use with hydrogen are not anticipated. A 
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principal concern, however, is the greater tendency of hydrogen to leak from 
a pressurized system. 

A tremendous variety of pipes and fittings have been used, but one trend 
predominates in newly installed gas -distribution systems -* the increased 
use of plastic pipes and fittings for mains of 2-inch diameter and smaller 
(medium- and low-pressure networks) and for services. According to a 
recent survey, about 87% of the gas utility companies are now installing 
plastic pipes for new and replacement mains, and about 92% use plastic for 
new and replacement services. ’ On a length or footage basis, over 55% 
of the distribution piping to be installed during 1975 will be plastic. At 
present, however, the composition of the total in-place mains and services 
is approximately as shown in Table 11-10. 

Table 11-10. DISTRIBUTION -SYSTEM PIPE MATERIALS 


Pipe Material 
Steel 

Cast and Ductile 
Iron 

Copper 

Plastic 


Mains, % of total 
(footage basis) 

81 

12 

1 

7 


Service, % of total 
(number basis) 

83 

2 

6 


In addition to the pipes and fittings, there are numerous flow-metering 
and -control devices such as valves, pressure regulators, and meters. 
Following is a partial list of the common materials of construction for 
components in distribution systems and some of their predominant uses; 

Gray cast iron (old mains) 

Ductile and wrought iron (mains) 

Copper (services and main inserts) 

Steel (mains and services) 

Brass (valves) 

Polyethylene (services and mains) 

Polyvinylchloride (services and mains) 

Fiberglass -reinforced epoxy (services and mains) 
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• Natural and synthetic rubber and elastomers (mechanical joint seals 
and meter diaphragms) 

• Lead and jute (sealer for bell and spigot joints) 

• Cast aluminum (meter housings and regulator parts) 

• Cadmium- plated steel (internal regulator parts) 

• Cork and gasket materials (meter and instrument gaskets) 

• Miscellaneous plastics — ABS, CAB, PB, nylon, etc. (services 
and internal instrument parts) . 

From the diversity of equipment, operating conditions, and materials 
of construction, it is evident that compatibility of the distribution system with 
hydrogen requires verification by demonstration. Any statement that hydrogen 
or hydrogen-rich gases can be adequately and safely delivered to the customer 
through the in-place natural-gas -distribution system is a presumption. 

Hydrogen Compatibility and Problem Areas 
Volumetric Flow 

Because of the vast differences among'U.S, distribution networks (in 
terms of types of equipment, materials of construction, operation conditions, 
and age), it would be meaningless at this stage to assess overall compatibility 
for a single "typical" system or to attempt to quantitatively describe a 
"typical" system' 8 conditions of operation with hydrogen. Generally, the 
conditions of operation will be determined by delivery of the quantity of hydro- 
gen equivalent in high heating value to that of natural gas delivery. This will 
necessitate a proportionate increase in the volumetric flow of hydrogen relative 
to natural gas. This means that the volumetric flow meter used for measuring 
gas delivery could be undersized (by a fdctor of as much as 3) for hydrogen usage. 

Except in some small- diameter (service) lines, the flow in natural-gas - 
distribution systems is (partially) turbulent. The Reynolds number, which mathe- 
matically characterizes the flow, is directly dependent upon pipe diameter and gas 
velocity and density and is inversely dependent upon gas viscosity. If we consider 
hydrogen for energy delivery equivalent to that of natural gas in a given pipe, 
we might have a tripled gas velocity, a 20% decrease in viscosity, and an 
87% decrease in density (compared with methane). As a result, the Reynolds 
number for hydrogen flow could be less than half that for natural gas flow. 

If the Reynolds number falls to below about 2000, the resulting laminar flow 
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with viscous drag could require significantly higher operating pressures and 
pressure drops for adequate flow and energy delivery. 

Odorants and Illviminants 

Apparently the sulfur compounds now used to odorize natural gas are 
compatible with hydrogen and would, therefore, be satisfactory hydrogen 
odorants. Because odorants have to be added on a volume basis and because 
the volume of hydrogen used will be 3 times that of natural gas (on an equiva- 
lent energy basis), 3 times the quantity of odorant will be required, thus 
maintaining the same percentages. The odorant would be burned at the 
appliance. Odorization should present no pollution problem, and the added 
cost would be insignificant. 

The addition of an illuminant, which would make the hydrogen flame 
visible, simultaneously with an odorant should be considered. This would 
facilitate hydrogen use in open-flame appliances and assist in the adjust- 
ment of burners and pilots. No suitable illuminant has yet been identified, 
but two types of materials would be appropriate. One is a small amovuit 
of an aromatic-type organic material that would burn with a yellow flame. 

The other is a trace of a volatile organo-metallic sodium compound that would 
give the flame the characteristic sodium-yellow color. Experimentation is 
required to determine whether or not either of these approaches would be 
useful and to determine the optimum quantities to be added. 

The addition of any foreign material, especially sulfur -be a ring odorants, 
to hydrogen used in catalytic processes could cause considerable problems. 
Representatives of Air Products and Chemicals, Inc, , told us that they had 
considered odorizing the hydrogen in the company' s Houston transmission 
line, but several of the industrial users on the line could not tolerate the 
presence of even traces of sulfur compounds. Similar considerations may 
apply to the use of hydrogen in catalytic burners. It is technically possible 
to remove the odorant immediately before the catalytic bed, but in some 
applicatioiis this would be inconvenient and would add to the cost. An 
alternative worthy of consideration for future experimental work is to 
develop an odorizing material that does not contain sulfur and that does not 
interfere with catalysts. It niay be appropriate to introduce such a "new 
smell" with the introduction of the "new gas" to the public, in which case a 
suitable odorant must be ready for application as soon as the first general 
use of hydrogen is introduced. 
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Leakage 

The rate of the loss of hydrogen through leaks, whether fractures, 
corrosion pinholes, or leaky seals, is about 3 tinies greater (on a volxime 
basis) than that of natural gas. The rate of energy loss through the leak is 
about the same as for natural gas; but in a confined space, the lower flaminable 
limit of hydrogen will be. reached in a quarter of the time required 

for natural gas to reach its limit.® Hydrogen* s rapid diffusivity, 2.8 times 
faster than that of natural gas, will allow it to permeate rapidly through dry 
soil and crushed rock and therefore to escape from the point of leakage. Once 
it reaches the air, its low density will cause it to rise rapidly. 

Cast-iron and steel pipes are, for all usual purposes, almost impermeable 
to botli hydrogen and natural gas at ambient temperatures. In fact, even 
though the permeability rate of hydrogen is higher than that of natural gas, it 
is still so small that it is insignificant. This should also be the case for 
sealing materials; but to be sure, experimental confirmation should be 
obtained for typical seals. 

Hydrogen* s permeation of plastic pipes, however, warrants further 
consideration. Some permeability measurements of typical plastic piping 
compounds have been made. In these studies, the ratio of hydrogen to natural 
gas permeation varies widely — between about 7:1 for polyethylene and 88:1 
for ABS. Table 11-11 shows some relative permeation data obtained by Battelle 
Memorial Institute. ^ 

Table 11-11. GAS PERMEATION OF PLASTIC PIPING COMPOUNDS 


Material 


Methane Hydrogen 

Permeation Permeation 

— 10 "®CF/sq ft-atm-day — 


Relative Permeation 
(Hydrogen/Methane) 


Acrylonitrite - Butadiene 


Styrene, ABS- 1-2 

0.59 

51,71 

87.6 

Cellulose Acetate- 
Butyrate, cab/mh 

11.8 

157.0 

13.3 

Polypropylene 

1.6 

20.2 

12.6 

Polyethylene PE IH-3 

2,3 

15.7 

6.8 

Polyvinyl Chloride, 
PVC-II-I 

0.2 

13.7 

68. 5 
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In the case of PVC pipe, the loss of h/drogen will be from 6 to 8 times 
the loss of natural gas (on a volume basis), but in absolute terms this amounts 
to only 83.8 SCF/yr per mile of 4-inch pipe (with a wall thickness of 0,33 inch) 
operated at 1 atm (or 15 psig). In comparison. Heath Survey Consultants^ 
reports that a typical leakage rate for existing gas systems is between 100,000 
and 4 million SCF/yr per mile of 3-inch "equivalent" pipe. Figures obtained 
from Fngland indicate that a typical rate of leakage from cast-iron mains that 
carry manufactured gas (50% hydrogen) at a pressure of 6-inch water column 
is 20 SCF/hr per 1000 yards of main, or approximately 800,000 SCF/yr-mile. 
This apparently tolerated leakage rate makes the diffusion rate of hydrogen 
through PVC pipes appear insignificant. 


Losses of hydrogen by diffusion through other plastic materials are 
higher than through PVC. Losses through CAB and ABS will be 11 and 4 
times as great, respectively. In the latter case, the loss will be more than 
3000 SCF/yr per mile of 4-inch pipe. Before we conclude that these leakage 
rates are not hazardous, experimental measurements should be made of the 
rate of diffusion of hydrogen through a backfilled trench and under pavement 
or frozen ground. It appears that PVC and polyethylene are preferable to 
ABS and CAB. However, long-range testing of actual pipe sections under 
service conditions to obtain practical proof of their suitability would be 
worthwhile. 
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Most of the serious gas leaks in distribution systems are caused by 
damage done to mains by construction contractors. With plastic pipe, severing 
of the line is common, whereas steel pipe^ usually only bend or crack. Fire 
rearely results from such an accident. With hydrogen, however, a fire will 
almost certainly occur if an ignition source is present. Static charges 
frequently build up on the inside of plastic pipes, and the fracture of a metal 
pipe could be accompanied by friction sparks — either of which could cause 
ignition. Thus, we might expect a higher incidence of fire cause by accidental 
damage to hydrogen pipes. This may he considered fortunate because a 
buildup of explosive mixtures, as can happen with unignited leaks, is pre- 
vented, However, different operational practices may have to be devised 
to cope with this aspect. 


n 








INSTITUTE 


O F 


262 

GAS 


T ECHNO LOGY 






8/75 


8962 




Leaks in industrial hydrogen systems are detected by combustible -gas 
detectors. A hazard unique to hydrogen leaks in aboveground hydrogen pipe- 
work is that qccasionally the leaking gas ignites because of a spark from 
static friction caused by the leak. The resulting "invisible" flame cannot 
be seen in daylight.. Because of this problem, flame detectors ^ have been 
developed for hydrogen systems. 

Line Purging and Maintenance 

An area of serious concern is the purging requirements for pipes, both 
when bringing new mains into service and when repairing existing mains. Use 
of an inert gas to sweep out the air or to sweep out the gas already in a . 
used main may be necessary because the wide flammability limits of hydrogen 
(from 4% to 75% compared with from 5% to 15% for natural gas) would more 
frequently result in hazardous conditions in the main. With natural gas, 
welding operations can be performed when the gas -air mixture in the line is 
more than 15% gas. With hydrogen, however, one would have to ensure that 
the hydrogen air mixture was safely above 75% hydrogen. Use of some form 
of an oxygen-level indicator may be necessary to ensure that the line has been 
adequately purged. Purging procedures will have to be established through 
expe r imentation . 

Peculiar Temperature Effects 

Unlike methane or natural gas, hydrogen has a maximum Joule -Thompson 
inversion temperature of — 109®F, far below ambient temperatures. There- 
fore, at ambient temperatures hydrogen undergoes a temperature increase 
upon throttled expansion. The extent of the temperature Increase depends upon 
the pressure drop, the initial gas temperature, and the rate of heat exchange 
between the hydrogen and the environment. This Joule -Thompson effect 
could be significant at leaks because it would increase the Chances of ignttion, 
and it could be significant with plastic components. Thermoplastic pipe for 
natural gas service, for instance, is not required to be pressure tested (at 
50 psig or 150% of operating pressure, whichever is greater) at temperatures 
above 100 °F. 
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Cottsluding Comments 


It is possible that certain localized c^reas may be selected for complete 
transition from natural gas to hydrogen service to accelerate the use of nonfossil 
energy sources or to provide a market for a storable, synthetic chemical fuel. 
Another possibility, in a shorter time frame, is that of supplying hydrogen 
produced from coal, oil shale, or nuclear sources (off-peak power) to certain 
specialized industrial users for uso as a fuel or as a chemical feedstock 
(for example, to ammonia producers) to relieve the shortage of natural gas. In 
any of these circumstances, it will be necessary to demonstrate and verify 
that gas -distribution equipment is compatible with hydrogen and that conventional 
or suitably modified techniques for handling natural gas are acceptable for 
use with hydrogen. 
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12. INDUSTRIAL HYDROGEN UTILIZATION - W. J.D. Eecher and 
jj. uregory 

Present Industrial Uses of Hydrogen — an Overviev/ 

Hydrogen is one of the world' s leading chemical intermediates. It is pro~ 
duced by a wide variety of processes and has a large number of applications. 

A concise and somewhat generalised illustration of the current major 
uses of hydrogen has been put forth by Air Products and Chemicals, Inc. . 
and is presented here as Figure 12- 1. In this "hydrogen tree, " the major 
applications of hydrogen are shown as the lower branches, while the lesser 
uses are nearer the top. 

The larger uses of hydrogen include, ammonia production (56% of the 1970 
world hydrogen market^), hydrotreatments of petroleum feedstocks (30%), 
and hydrogenations of petrochemicals and methanol synthesis (totaling 14% ). 
Usually these applications require such large quantities of hydrogen that the 
hydrogen is produced onsite in an adjacent plant. In many cases, plants for 
these processes are sited close to a petroleum refinery or a chemical-works 
complex in which hydrogen is interchanged between processes, almost like 
a utility service. This hydrogen is commonly termed "captive hydrogen" 
because it is rarely included in intercompany sales or transixdtted over more 
than a few thousand feet. In some cases, hydrogen mixed with other gases 
can be tolerated or may be needed for the application; thus the captive 
hydrogen may only consist of a low- purity hydrogen stream. It is difficult 
to obtain figures as to the scale of the captive-hydrogen market or the typical 
prices paid for the commodity. 

The intermediate- sized applications of hydrogen, including basic 
industrial processes (especially soap and fat production), oxo-alcohol pro- 
duction, and the glass and metallurgical industries, are usually provided 
with relatively pure hydrogen delivered from a remote plant. Frequently, 
the source of Iqrdrogcn is interconnected with a refinery or chemical works. 
Hydrogen is supplied to the users either in the liquid (cryogenic) state by 
rail or tank truck or by a small, privately owned pipeline. This hydrogen 
is commonly termed "merchant hydrogen" and is handled by the industrial- 
gases industry. Because this hydrogen is usually marketed between companies 
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and because it is usually handled in a relatively pure state, it is’ easier to 
find quantitative data for annual utilisation rates and for typical prices for 
this hydrogen. 

The smaller users of hydrogen typically take delivery of the hydrogen as 
gas in high-pressure cylinders or as the cryogenic liquid. An exception is 
the fuels application of hydrogen, which is a special case deserving indepen- 
dent discussion. There are many exceptions to the "typical" examples 
described here. Many of the smaller and intermediate users of hydrogen 
generate their Own supplies from hydrocarbon feedstocks (usually natural gas), 
by cracking ammonia, or by the electrolysis of water. 

The fuels applications of hydrogen are very small and are only justified 
in special cases, usually where by-product hydrogen streams are available 
and no more advantageous use can be made of them. Almost exclusively, 
fuels uses of hydrogen are tied to a captive -hydrogen type of operation, and 
delivery is usually by short pipelines* It is not usually economical to use 
hydrogen that has been purified and delivered as a liquid or as a high-pressure 
gas for a fuel gas. 

According to the U.S. Department of Commerce, the U. S. merchant 
hydrogen market in 1974 was 72 billion SCF/yr. The growth rate from 
1973 to 1974 was 11%. This growth rate is among the highest reported for 
high-volume inorganic and organic chemicals. 

Projections for Hydrogen Utilization 

The major markets for captive hydrogen are growing at rates that reflect 
the general trend of increased use of processed fuels, fertilizers, and high- 
volume chemicals. Major changes in this steady growth pattern cannot be 
predicted and are not anticipated. These markets do not represent major 
new uses for hydrogen, but the source of the hydrogen that they use is likely 
to undergo major changes in the foreseeable future. Most of the hydrogen used 
in these applications is produced from petroleum (in the refineries) or by steam 
reformbig natural gas. It is important to consider the prospect for replacing 
these raw materials with more abundant ones, primarily coal or nonfossil 
sources. In general, the quality of the hydrogen or a hydrogen mixture made 
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from coal will be similar to that of the hydrogen made from other fossil fuels; 
however, hydrogen from nonfossil sources is likely to be relatively pure, 
and in order to utilize it, the user' s process may have to be modified. 

The uses of merchant hydrogen are also exhibiting growth rates tied to 
the economies of their individual industrial sectors, and no major new 
applications for this hydrogen are expected. The feedstocks used by the 
industrial- gas suppliers, particularly natural gas, are in extremely short 
supply. Therefore, serious and urgent consideration is being given to the 
use of coal, or perhaps nonfossil sources, for central-plant hydrogen pro- 
duction. Major changes by the gas suppliers are not likely to have any 
major effects on the hydrogen-use patterns. 

Two of the upper branches of the "hydrogen tree" deserve special con- 
sideration as prospective areas of growth. The fuels and the metallurgical 
applications for hydrogen could both expand very significantly into new uses 
of hydrogen, thus replacing the direct use of fossil fuels, which are in short 
supply. For example, replacement of large sectors of the industrial natural 
gas load with hydrogen produced from coal or from nonfossil sources would 
be easier to achieve than extensive electrification of industry. The use of 
nuclear-derived hydrogen as a direct reductant for iron and steel is under 
active consideration by the steel industry and could have a major impact 
on fossil-fuel use. 

In considering hydrogen utilization in more detail, we shall discuss 
each major class of current hydrogen applications, quantitatively whenever 
possible; and we shall discuss the technological options for replacing the 
present source of hydrogen with a pipeline supply of hydrogen from an 
escternal, nonfossil- fuel source. The emphasis of this discussion will be on 
ammonia synthesis, methanol synthesis, hydrotreating, and hydrogenation 
(because they are major users) and on metallurgical and fuels applications 
(because they show the best prospects for revolutionary gains). 

Hydrogen Utilization for Ammonia Production 

Hydrogen feedstock for ammonia synthesis is currently prepared from 
hydrocarbon fluids, such as natural gas and naptha, and from coal or coke 
via reforming and/or partial oxidation processes. Hydrogen may also be 
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made from water and electrical power via electrolysis (of particular benefit 
where hydrOpower is cheap). Table 12-1 shows the worldwide trends during 
the i 960 ' B for the production of hydrogen^ from these several raw materials, 
for ammonia synthesis. 


Table 12-1. FEEDSTOCK-HYDROGEN PRODUCTION FOR THE AMMONIA 

INDUSTRY 
(World Average) 


Source 


Natural Gas and Refinery Gas 41 

Naphtha -- 

Fuel Oil 11 

Coal or Coke 37 

Electrolytic 9 

Others 2 

' Total 100 

'’ ^Nitrogen No. 51 , 1 (1968) January- February. 

+ Chem. Mark. Rep. , 15 (1970) January 26. 


1962 

1967 * 

1969 ^ 


Of. 


41 

57 

i 

62 

oa m- 

11 

15 

11 

5 

5 

37 

21 

14 > 

9 

4 

2 ■ 

2 

2 

2 

100 

100 

100 1 



In Table 12-1, the shift from the less desirable raw materials (coal, 
coke, and fuel oil) to the cleaner, more readily converted hydrocarbons 
(primarily natural gas and naphtha) is clear. During this 7-year period, 
electrolytic hydrogen declined from 9% to 2% of the total. In the United 


States, virtually all present ammonia production depends on natural gas as 
a feedstock. The rather rapid buildup in world capacity for synthetic ammonia 
production from I 967 to 1973 is shown in Table 12-2. 

In the United States, ammonia production is concentrated in Louisiana 
and Texas (based on ready natural gas availability), along the Mississippi 
River and its noajor tributaries, and near the agricultural centers of use. 
Production of ammonia in 1974 totaled 15. 7 million tops, with an expected 
annual growth rate through 1980 of 4. 5%. Appendix A- 3 lists all the major 
U. S. ammonia producers and their plant output capacity. The geographic 
distribution Of these producers is shown in Figure 12-2. About 80% of the 
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Table 12-2. WORLD CAPACITY FOR SYNTHETIC AMMONIA* 


Western Europe 
U.S.A. 

Japan 

Asia (Non-Communist) 

Others (Including Communist Asia) 
U.S.S.R. 

Eastern Europe 


1967 1969 1973 


1 fo-no 

12.4 

14. 0 

18. 2 

11.3 

14.6 

16.4 

2.7 

3.0 

4.8 

2. 2 

3. 0 

8. 1 

4. 1 

6. 1 

8. 2 

3.9 

5.8 

7. 5 

3. 5 

6. 2 

8.0 


Total 40. 1 52.7 71,2 

"^Chem. Mark. Rep., 4 (1970) January 26 . 
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ammonia produced is consumed directly as fertilizer or as an intermediate 
for fertilizer production. 

To synthesize ammonia, nitrogen and hydrogen are combined in a 
1:3 molar ratio at a high pressure and temperature in the presence of a 
catalyst: 


Nj + 3H2 -» 2NH3 

In current U. S. practice, hydrogen is derived from the steam reforming of 
natural gas, during which air is added to supply the required amount of 
nitrogen. Oxygen is removed by combustion with natural gas in a secondary 
reformer. 

The amount of hydrogen required to produce 1 ton of ammonia can be 
calculated by dividing the hydrogen content of the ammonia by the overall 
yield of the synthesis step. One ton of ammonia contains 353 pounds (or 
66, 700 SCF) of hydrogen. Older processes claim a yield of from 85% to 
90%. Most of the currently installed plants use the newer processes, such 
as M. W. Kellogg Co, ’ s process, which converts 96 , 7% of the synthesis 
gas to ammonia (which corresponds to a consumption of 78, 500 SCF of 
hydrogen per ton of product ammonia). 

When an ammonia plant is based on natural gas reforming, production 
of 1 ton of ammonia requires about 35., 000 SCF of natural gas, of which 
56 % if used as feedstock and 447« is fuel. Today, an economical plant size 
is from 750 to 1000 tons/day; but a few 1500 ton/ day plants have been built. 
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The cost of hydrogen production is a significant percentage of the total 
ammonia- manufacturing cost. For this reason, the natural gas situation 
(i. e. , its rising price and uncertain supply) is having a profound effect on 
U. S. ammonia production — ammonia prices having more than doubled 
within the last 18 months. 

Ammonia Produced From Natural Gas 

Figure 12-3 is a flow diagram for a typical ammonia- synthesis process, 
the CHEMICO Process {Chemical Construction Corp. , New York). Other 
processes are those of the Teimessee Valley Authority, M. W. Kellogg Co. , 
Societe Belle de 1' Azote {SBA), Fauser, Casale, and Claude.*^ These processes 
are fundamentally equivalent in their conversion of natural gas, water, and 
air to ammonia; and their key by-products are carbon dioxide and waste heat. 

Any sulfur removed from the natural gas is either rejected as hydrogen 
sulfide or further converted to elemental sulfur. 
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Figure 12-3. FLOW DIAGRAM OF A TYPICAL AMMONIA-SYNTHESIS 

PROCESS 

(CHEMICO Process) 
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The following sipc steps describe the plant* s operation: 

1. Natural gas and steam are combined in the primary reformer to produce 
hydrogen and carbon monoxide in a high* temperature catalytic* endo- 
thermic process. 

2. The product gases are fed into a secondary reforzxxer* into which a 
measured quantity of air is provided. The mixture is combusted with 
oxygen, leaving atmospheric nitrogen for synthesis gas makeup and small 
quantities of inerts such aS' argon. 

3. After heat is extracted from’ the gas stream to produce steam (in the boiler)* 
carbon monoxide and additional steam are shifted to hydrogen and carbon 
dioxide in the CO converter. 

4. fhe carbon dioxide and remaining carbon monoxide are removed by chemical 
scrubbing. The remaining oxides of carbon are converted to methane in 

the methanator. These steps protect the annmonia synthesis catalyst from 
oxides of carbon. The concentrations of oxygen and all oxides must be 
reduced to very low levels (to approximately 5 ppna). 

5. The resulting synthesis gas, consisting of nominally 75% hydrogen and 
25% nitrogen (molar ratio), plus inerts (methane, argon, helium, etc.) 
and "contaminants’* (carbon monoxide, carbon dioxide, water vapor* 
hydrogen sulfide, and oxygen) at suitably low levels, is then compressed 
from reformer pressure levels of from 500 to 750 psi to synthesis 
pressure levels. These usually range from 3000 psi to 4500 psi and 
even higher, requiring considerable energy expenditure for compression. 

Most of the compressor drive energy is provided by waste heat from the 
reforming operations. (The reforming reaction itself is endothermic, 
but not all the heat generated to drive the reforming steps is of high 
enough quality to be used to drive the reactions. ) 

6. The synthesis converter is basically a high-pressure vessel filled with 
a catalyst. Compressed synthesis gas is fed into the reactor in various 
ways, depending on the reactor* s specific design. The synthesis reaction 
is exothermic, and the incoming synthesis gas is usually employed to cool 

the catalyst beds v/hile effecting gas preheating. Water-cooled heat exchangers 
condense liquid ammonia out of the circulating synthesis gas stream. The 
product liquid ammonia is then passed through a letdown tank to storage. 

Continuous venting of the synthesis vessel is necessary to preclude the 

buildup of inerts, which C 2 tn significantly inhibit the conversion process. 

Ltosses associa^ted with venting, which are significant, can be reduced by 


1 


i 



minimising the concentrations of these inerts. 


Ammopja Produced From Hydrogen Feedstock 

Looking ahead to the possibility of large-scale anunonia synthesis directly 
from hydrogen (supplied, for example, via gas pipeline), one observes that 
the ammonia- synthesis facility must be rather drastically changed from the 
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baseline described above. The entire top line of Figure 12~3 i. e.» the 
•'Stack*' through the "Methanator" subsystems — is no longer required* but 
a new technique for deriving the nitrogen component of the synthesis gas will 
be necessary. The two possible approaches are 1) removal of oxygen from air 
by combustion of hydrogen- air mixtures and subsequent condensation of the 
resulting water vapor and 2) cryogenic air separation. 

The first option, analogous to the use of natural gas in the secondary 
reformer, is not so wasteful of hydrogen as might at first be supposed. In 
the overall process, which approximates to — 

1/2(02 + 4 N 2 )^ij. + 7 H 2 -» 4NH3 + H2O 

only one- seventh of the hydrogen is used to eliminate oxygen. This concept 
also eliminates the need for scrubbing out and venting the oxides of carbon. 

A hydrogen-air combustion system would probably be relatively simple and 
low cost and would also provide a source of heat for powering ancillaries 
such as compressors. 

The second alternative, air.-separation processes, are well established 
industrially for producing high- purity nitrogen. Of the existing large-quantity 
plants, the largest is Linde' s (Division of Union Carbide Corp. ) East Chicago 
facility, which produces 4200 tons of gaseous nitrogen and 5000 tons of gaseous 
oxygen per day. However, the air- separation process requires an energy 
input. 

A conceptual schematic of an ammonia facility based on outside hydrogen 
is shown in Figure 12-4. Preliminary efficiency and product- cost comparisons 
for an ammonia plant fed by natural gas with one fed hydrogen are shown in 
Appendix A-4. Figure 12-5 shows the cost of ammonia as a function of the 
price of the hydrogen supplied. 

More detailed analyses of the various options for producing ammonia 
from nonfossil fuels are required. Some work has already been done in 
this area. Experience with large-scale ammonia plants, for which hydrogen 
is supplied by hydroelectric-powered water electrolyzers, has been obtained 
in several countries.® (See Section 3. ) The U. S. Army carried out extensive 
studies on the potential production of aimnonia from nuclear electrolysis as 
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part of the "Energy-^Depot" concept,’ Oak Ridge National liaboratory has 
studied the production of ammonia from nuclear energy in the "Ar go ~lndus trial 
Complex” concept,'^ 



Figure 12-5. COST OF AMMONIA VERSUS COST OF DELIVERED 
HYDROGEN FOR A PRODUCTION FACILITY THAT USES 
OUTSIDE HYDROGEN 

Hydrogen Utilization for Methanol Production 

In industry, methanol is used as a solvent and as a raw material, xnainly 
for the production of formaldehyde, synthetic resins, dye stuffs, and related 
chemical products. Table 12-3 reflectB world methanol- production capacity 
in 19^8 and 1970, exclusive of the U, S, S* R, and Eastf rn Europe. As seen 
in the table, the United States, Japan, and the Western European nations are 
the principal producers. 
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Table 12^3. WORXJ) METHANOL-PRODUCTION CAPACITY* 
(Excluding the U«S*S.R. and Eastern Europe) 

1968 1970 

———10^ gai/yjf — -- — > 


U.S. A. 

650 

1035 

Japan 

380 

680 

West Germany 

250 

340 

United Kingdom 

120 

135 

Italy 

85 

100 

France 

70 

70 

Canada 

30 

40 

The Netherlands 

30 

30 

Australia 

15 

20 

Others 

90 

100 

Totals 

1720 

2550 


’’‘Conversion factors: 6. 63 pounds of methanol per gallon (at 20^C), 

10* gal/yr = 3000 tons/yr. 

In the United States^ methanol production is sited largely in areas of 
ready accessibility to natural gas — mainly along the Gulf Coast. The major 
U. S. methanol plants are listed in Table 12-4, and their locations are shown 
in Figure 12-6. 

In 1973 , the U.S. produced 96 O million gallons (or 3, 180, 000 tons) of 

methanol. Because 26 SCF of hydrogen is required per pound of methanol 
produced,’’ the total hydrogen requirement is I 65 billion SCF. Since I 962 
the annual growth rate has been 10% , but it is expected to be somewhat less 
in the future. (The growth rate was 7. 8% in 1973-74. ) 

Methanol is synthesized from a gas (Syngas) that consists of hydrogen 
and carbon monoxide in a molar ratio of 2:1. The synthesis reactions is — 

CO + 2H8 CHjOH 

The synthesis is usually performed over a zinc^chromium or copper- zinc 
catalyst at a tempe rature of from 250* to 300*C and at 500 to 5000 psi. 
Low-pressure processes are also available, and these are claimed to be 
economically attractive.* 

Some sources claim a requirement of up to 37 SCF/ lb. 
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Table 12-4. U. S. METHANOL PLANTS* 


Pro4ucer , 

I0®gal/yr 

Air Products and Chemicals, Inc. 
Pensacola, Fla. 

50 

Borden Chanaical Eiv. , Geismer, La. 

160 

Celanese Corp. , Bishop, Tex. 

50 

Celanese Corp, , Clear Lake, Tex. 

230 

Commercial Solvents Corp. , 
Sterlingten^ La. 

50 

E. I. du Pont de Nemours A Co. , Inc. 
Orange, Tex. 

100 

Georgia-Pacific Corp. , Plaquemine, La. 

100 

Hercules Inc. , Plaquemine, La. 

100 

Monsanto Co. , Texas City, Tex. 

100 

Rohm & Haas Co. , PeeT Park, Tex. 

22 

Tenneco Inc. , Houston, Tex, 

80 

Total Capacity 

* "Chemical Profile: Methanol, " Chem, Mark. Rep. 205, 

1042 

9 (1974) June 


Tbe syntbeeis train basically resembles that o£ ammonia production 
(Figure 12-3) witb certain obvious differences: 

a. Carbon monoxide conversion in the shift reaction is carried only to the 
point of establishing the 2:1 molar ratio. 

b. Nitrogen is hot required and, in fact, is undesirable in the hydrocarbon 
feedstock, 

c. A special naethanol- synthesis reactor is required. 

Methanol Syngas can be obtained from any reforming or partial- oxidation 
process that uses a natural gas or oil feedstock or from coal. Also, the off 
gases from a basic oxygen furnace (BOF) for steel can be used as a feedstock 
for methanol ayhtheeis. Howeverj even the largest BOF installations produce 
only enough carbon monoxide to make 25 million gaUons of methanol per year; 
and this rate of production is too small, by today' s production standards, for 
such a plant to be economical. 

The outlook for a methanol- synthesis plant that uses an outside supply 
of hydrogen is not as promising as in the case of anunonia synthesis. The 
requirement for a major source of carbon oxides is most easily satisfied by 
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hydrocarbon feedstocks (which are reformed) or by coal. On the other hand, 
an outside pure-hydrogen source could make the use of BOF gas more compe- 
titive by eliminating the water shift reaction, which sacrifices carbon monoxide 
to obtain hydrogen. 

Hydrogen Use in Oil Refining 


The following quotation from a late- 1973 U.S. Bureau of Mines commodity 
statement for hydrogen^® is instructive in regard to hydrogen usage in refining. 

"In petroleum refining, hydrocracking is the most significant develop- 
ment with regard to hydrogen consumption. Hydrocracking is used to 
raise the hydrogen- carbon ratio of the heavier, high-boiling hydrocarbons. 
For example, lower value heavy fuel oils can be upgraded into more 
valuable lighter fractions, such as gasoline, light heating fuel oil, and 
diesel fuel oil, at the same time effecting savings in refining costs. 

"Raising the hydrogen/carbon ratio, as outlined above, requires copious 
amounts of hydrogen. For each barrel of charging stock, between 
2, 500 and 2, 700 cubic feet of hydrogen are used. As of the end of 
1972, hydrocracking capacity had expanded to about 865, 000 barrels per 
stream day. During 1972, it is estimated that 800 billion SC F of hydrogen 
was used in hydrocracking, or 2. 2 billion cubic feet per day. Between 
1965 and 1972 , hydrogen consurr^tion for hydrocracking increased eight 
fold, from 100 to 800 billion SCF. Based on expansion plans, hydrocrack - 
ing promises to become the largest'consumer of hydrogen in the United Slates 

"Hydrotreating, the much older use for hydrogen in petroleum refining, 
consumed 570 billion SCF in 1972. In hydrotreating, hydrogen is reacted 
with refinery fractions to desulfurize feedstocks, Hydrogen is used to 
hydrogenate olefins and to treat lubricating oils and kerosine-type jet fuels. 
The growth in hydrotreating has been coincidental with the introduction of 
catalytic reforming, a process widely used for octane upgrading of motor- 
gasoline components. The net result of catalytic reforming is a hydrogen 
production equal to 1. 5 times input. The hydrogen used in hydrotreating 
is that present in the off gas from a catalytic reforming unit. Since hydro- 
treating required a maximum of 300 cubic feet per barrel of feed, only 
part of the hydrogen content of the gas is consumed. The exit gas, still 
containing 70% to 75% hydrogen along with hydrogen sulfide generated by 
the hydrotreating process, is used as fuel, " 

It is extremely difficult to estimate the net consumption of hydrogen in 
refinery operations because the processes in most refineries are both con- 
sumers and producers of hydrogen. The net effect depends on the refinery 
process design, the composiition of the crude being processed, and the pro- 
duct mix required. Refineries with a net deficit of hydrogen currently obtain 
supplies by steam reforming natural gas or naphtha. In general, only refin- 
eries with hydrocracking facilities require a net input of hydrogen. Refineries 
of this type are listed in Table 12-!-5; and their locations, primarily along the 
Gulf Coast and in California, are shown in Figure 12!- 6. 
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Table 12-5, U,S, REFINERIES WITH HYDROCRACKING PROCESSES® 


Company 

'CaHfOFnia • 

TOTantic Richfield Co. 

EXKONCoo U.SrA. 

Gulf Oil Corp. 

Mobil Oil Corp. 

PfiiUips Petroleum Co. 
Shell Oil Co. 

Standard Oil Co. of Calif. 
Standard Oil Co. of Calif. 
Tescaco Inc* 

Tospopetro Corp« 

Union Oil Co. bf Calif. 
Union Oil Co. of Calif. 

Delaware 
"TCetiy Oil Co. 

Illinoia 

Oil A Refining Corp. 
Marathon Oil Co. 

Shell bU Co^ 

Kansas 

Apco Oil Corp. 

Louisiana 

““EXXON Co., U.S.A. 

Gulf OU Co^ 

Shell OU Co. 

Tpnneco Oil Go. 

Misaiseigpi 

Amerada Hess Corp. 
Stai^ard OU Co. , of Ky* 


Location 

Careon 

Benecia 

Santa Fe Springs 

Torrance 

Avon 

Martinea 

Bakersfield 

Richmond 

Wilmington 

Bakersfield 

Lob Angeles 

San Francisco 

Delaware City 

Blue Island 
Robinson 
Wood River 

Arkansas City 


Baton Rouge 
Venice 
Norco 
Ghalmette 


Purvis 

Pascagoula 


Standard Oil Co. of Ohio 
Sun OU Co. 

Oklahoma 

Iterr McGee Corp. 

Peansylvapia 


PennaoU Co. 


Toledo 

Toledo 

Wynnewood 


Philadelphia 

RoUBeviile 


Texap 

Amoco Oil Co. Texas City 

Atlantic Richfield Co. Houston 

EjKXpNCo., U.S.A. Baytown 

Qulf bil Copp. F^ort Arthur 

Mobil Oil Corp. Beaumont 

Shell Oil Go. Deer Park 

Texaco Inc. Port Arthur 

Union Texas Petroleum, Div. Winnie 


Capacity Charged 
to Hydrocracker, 
bbl/stream day 

19. 700 

22. 000 

11,000 
16, 000 
22, 000 
19f000 

49. 000 
67, 500 

20, QOO 
13,300 

21.000 

30. 000 

17, 000 

11.000 

22,000 

33, 500 

2, 950 


21,000 

1 1, 500 

28, 000 

18,000 

3,000 

59, 000 


Montana 



1 

n — TSIXON Co. , U.S.A. 

Billings 

4, 900 

1 

Li Ohifi 



f 

' ' Gtaftda:rd Oil Co. of Ohio 

Lima 

20, 000 



26, 000 

4,500 

30, 000 
2, 700 


38.000 
4, 500 

20. 000 
15, 000 
29, 000 
25,000 
15, 000 

3, 000 


Caribou Four Corners, Oil Co. 
Washington 

' Atiahttc Richfield Co. 

OEIGINAL 

OFPGOEQPAlOT 


Woods Cross 


Ferndale 


35,000 


A75112789 
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The outlook for hydrogen use in refineries is mixed. Refineries are 
facing increasingly strict sulfur -emissions standards and at the same time 
are being called upon to process products from less desirable types of crude 
oil. Consequently, in the last Z years hydrotreating has grown at an annual 
rate of 10%, with capacity additions planned in 1975 at an even higher rate. 
On the other hand, hydrocracking growth has virtually come to a halt, with 
only nominal additions planned for 1975.^^ 

The approximate ranges of hydrogen requirements per barrel of feed 
charged for various processes are shown in Table 12-6, 

Table 12-6. HYDROGEN- REQUIREMENT RANGES 


Process 

Hydrotreating Reformer Feed 

De sulfur iz atio n 
Light gas oil 
Heavy gas oil 
Residual fuel oil 

Hydroc racking 

Catalytic Reforming 


Hydrogen Requirement, 
SCF/bbl 

65-150 


85-180 

380-500 

500-1200 

1800-2500 

+600-800 (Hydrogen 
produced) 


These figures can be used to estimate hydrogen use in refineries, as 
shown in Table 12-7. 

Table 12-7. REFINERY HYDROGEN USAGE 



1973 Charge,” 
bbl/ stream day 

% of 
Total 
Crude 
Charged 

Ratio 

SCF/bbl 

1973 

Hydrogen 

Use, 

10’ SCF 

Hydrotreating 

Hydrocracking 

5, 780, 1 10 
855,840 

39 
8. 5 

270 

2500 

542 

742 

Total Hydrogen Demand 
Catalytic Reforming 

3, 358, 038 

22 

700 

1284 

815 

Net Hydrogen Deficit 




469 


Metallurgy 

Small quantities of merchant hydrogen are used in specialty metallurgical 
processing (including the production of very pure metals) and for the pro- 
duction Of certain nonferrous metals (including tungsten, molybdenum, and 
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tantalum)* Larger quantities of captive hydrogen, usually impure and pro- 
duced onsite^ are used for inert or reducing atmospheres in heat-treating 
applications* Even larger quantities of hydrogen, in the form of blast-furnace 
gases, are used indirectly in the conventional reduction of iron ore (although 
carbon is the primary reducing material involved). 

Direct Reduction of Iron Ore 

There is tremendous potential for a new increased use of hydrogen, or 
of hydrogen*?cqrbon monoxide mixtures, in the direct reduction of iron ore. 

The direct- reduction process produces "sponge iron," which is then used as 
a feed for st^elmaking in an electric-arc furnace. Direct- reduction processes 
are attractive where coal is not readily available and hydrocarbon feedstocks 
for the hydrogen- carbon monoxide reductant stream are ine:q}en8ive and 
plentiful. An added incentive is that long-distance transportation of sponge 
iron is less expensive than moving iron ore, coal, or natural gas. Thus, 
direct-reduction processes have been utilized primarily in the "petroleum- 
rich" countries* hi the United States, however, natural gas supplies are 
declining; costs are rising; and there is now incentive to investigate the 
potential for operating a direct -reduction process on an independent (non- 
fossil) hydrogen supply. 

After 10 to 15 years of development, almost a dozen direct- reduction 
processes, yrith a variety of features, have beeq made commercially avail- 
able. As shown in Table 12-8, one basic characteristic by which available 
processes can be classified is the type of reaction bed employed. 



Table 12<-8. CLASSIFICATION OF DIRECT-REDUCTION PROCESSES 

•BY REACTION- BED TYPE** 


Type of {Reaction Bed 

' ' ; -II II . 

Vertical fixed 
Vertical- shaft, moving 

Rotary •^kiln 


Representative Direct- Reduction Process 

Hojalata y Lamina, S.A. (HYLSA) 

Midrex Corp. , Armco Steel Corp. , 

Thy 8 sen P'lrofer GmbK 

Steel Co. of Canada, Ltd. ; Lurgi Chemie 
und Huttentechnik; Republic Steel Corp. ; 
NL Industries, Inc. ; Fried. Krupp GmbH; 
Allis -Chalmers Corp. 


N S t I T p T E 






As of 1974, more than 11 million metric tons of metallized product were 
produced worldwide, the bulk of which was used in electric-arc furnaces for 
steelmaking, Currently, the capacity of the direct- reduction plants in oper- 
ation and on order totals 19 million tons of metal per year. An additional 
capacity of 2 . 8 million metal tons is in the "letter- of- intent, " "advanced- 
planning, " or "under -study" stage.*® 

Because a substantial treatment of the broad field of direct reduction of 
iron ore is not possible within the scope of this study on industrial hydrogen 
usage, the remainder of this section focuses only on iron-ore reduction with 
hydrogen. 


Direct Reduction via Hydrogen 

The "H-Iron" Process, developed by Hydrocarbon Research Inc. (HRI) 
in collaboraiion with the Bethelehem Steel Co. , is a method for producing iron 
by direct reduction of iron ore with hydrogen. Finely divided ore is reduced 
in fluidized beds at temperatures below 1000®F and at pressures above 200 psig 
The process resulted from efforts, in about 1950, to produce iron-based cata- 
lysts for refinery use. Developments proceeded to 50 and 183 tons/day plants 
in i 960 and I 96 I, respectively.'^ 

Figures 12-7 and 12-8* are, respectively, schematic diagrams of the 
solids and gas circuits for the "H-Iron" Process. Hydrogen is produced in 
the process by steam reforming of natural gas, though other fossil and non- 
fossil sources are also acceptable. Conventional equipment is used to dry and 
grind the ore, and the ore is preheated to remove contaminants. 


A sequenced batch process is used. Powdered ore, loaded into the 
charge hopper, is first purged of air and then pressurized (with hydrogen) to 
150 psi above reduction pressure. The ore is then "pressure transferred" 
(fluidized) to the first of three reducing sections. Progressive reduction 
occurs in the hot hydrogen stream as the batch sequence proceeds. Basically, 
this conserves hydrogen by accomplishing a more complete reduction per 
pass. From the dump hopper, the metallized product, consisting of elemental 
iron (nominally 95% reduced) and accompanying gangue, (the worthless rock 
that surrounds the iron ore vein) is placed in storage. From there it can be 
directly utilized in the steelmaking process. 


"^Adapted from sketches in "Economics of Primary Iron and Steel Production 
in the West Coast From Local Iron Ores Via the ' H-Iron' Direct-Reduction 
Process. " ^ 

286 


1 NS T I T U T E 


GAS TE CH NOLOGV 






G F 


$OUDS CIRCUIT 



Figure 12-7. pIKECT IRoil ORE REDUCTIOM WITH HYDROGEN 

VIA THE H-IRON™ PROCESS 


GAS CIRCUIT 



Figure GAS CIRCUITS IN THE H-IRON™ PROCESS 

The hydrogen reductant circulates in the process, as shown in Figure 12-8. 
It is preheated in a heat exchange with spent (i. e. , "wet”) reductant and is 
then reheated to reduction temperature (about lOOO^F). following which it is 
routed through the reducer. Water is formed during the reduction of iron ore. 
This is removed :^rom the spent stream by simple condensing processes using 
water and freon. The dry hydrogen is compressed, makeup hydrogen is added, 
and the cycle is repeated. 
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Although demonstrated to be technically feasible by the early I960* s. 
direct hydrogen reduction has had very limited application to date because of 
unfavorable market forces in steelmaking. Based on an IGT query to HRI, 
one of the few "H-Iron" facilities in operation profitably converts mill- scale 
(baeically pure) iron oxide to a very refined metallized product that is used 
in welding- rod manufacturing, molding powders, and other powered metallurgy 
products. 

Iron and steel industry representatives show an increasing interest in the 
potential for using nuclear energy directly in steelmaking. This growing 
interest in "nuclear steelmaking" has recently come to the fore in the United 
States, Japan, and Europe and may serve to reawaken interest in direct 
hydrogen reduction. 

The A-iierican Iron and Steel Institue (AISI) has established the "Task 
Force on Nuclear Energy in Steelmaking. " This is chaired by Donald J. 
Blickwede, Director of Research, Bethlehem Steel Corp. Mr. Blickwede 
and T, F. Barnhart, of U.S, Steel Corp. , presented an informative paper 
in late 1974, "The Use of Nuclear Energy in Steelmaking — Prospects and 
Plans, " In this paper, several modes of employing nuclear process heat, 
were surveyed; and their economics where assessed on both industrial- and 
utility- financing bases. Fossil fuels were generally employed as sources of 
hydrogen and carbon monoxide mixtures. 

Direct hydrogen reduction was considered in one of the cases examined. 

In tins instance, no fossil fuel was used; and nuclear electrolysis was the 
method of hydrogen production. Figure 12-9’'* shows one of the results — 
the incremental effect of liquid steel on selling price as a function of the 
costs of both coking coal and "fossil fuels alternatives, " with a reference 
case being coal at $20/ton (the dashed lines). 

The top line in Figure 12-9, "Electrolysis-Utility Financing, " is the 
abovementioned case that uses no fossil fuel (hence the slope of zero). How- 
ever, it is clear that, for the conditions studied, fossil-fuel costs must sig- 
nificantly escalate for this electrolytic-hydrogen case to become competitive. 


^Adapted from "The Use of Nuclear Energy in Steelmaking — Prospects 
and Plans. " ^ 
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XGT asked Mr. Barnhart for his opinion on the technical prospects for 
direct hydrogen reduction versus "conventional" direct reduction. (His paper 
pointed out a number of technical problems in the pure-hydrogen approach. ) 

Mr. Barnhart offered the following observations and provided sources of addi- 
tional information and a list of patents on hydrogen reduction.^ (See Table 12-9* ) 


"One of the principal difficulties in the hydrogen reduction of iron ore is 
the tendency for the reduced product to agglomerate in the reduction 
vessel. This has necessitated reduction at rather low temperatures, 
which in turn affect the productivity ol .he unit. Most of the work conducted 
by HRI was at temperatures in the neighborhood of 800° to 1000°F, which 
is considerably below that used in a modern direct- reduction shaft where 
the reducing gas may be 1400° to 1600°F. A second problem is the 
pyrophoric properties of the product, which in the past [have] necessitated 
annealing so that the material could be safely handled. Because of these 
difficulties and because of the success of the present direct- reduction 
plants, there has been little ’incentive for the steel industry to pursue 
hydrogen reduction. Therefore, there has been very little work con- 
ducted in the last decade on this subject. " 


He made the point, however, that such technical problems would likely be 
overcome if hydrogen became available at a competitive price. 


Table 12-9. U.S. PAI'eNTS REIATING TO DIRECT REDUCTION OF IRON 

ORE WITH HYDROGEN 


INSTITU T E OF C AS TECHNOLOGY 


n 


Patent 

No. 

Title 

Assignee 

Date 

f f i 

3, 140, 040 

Iron Oxide Reduction With 

Keith, P. C. 

July 14, 1964 

! 


Hydrogen 



n 

3, 154, 405 

Reduction of Iron Oxide 

Engle, T. M. 

October 27, 

y i 



et al. 

1964 


3, 224, 869 

Method of Reducing Iron 

Keith, P. C . 

December 21, 

ll ! 


Oxide 

et al. 

1965 

u 

3, 224,870 

Reduction of Ilmenite and 

Johnson, C.A. 

December 21, 

1 


Similar Ores 

et al. 

1965 

f| i 

3, 227, 546 

Direct Reduction of 

Johnson, C.A. 

January 4, I 966 

tj. 


Metallic Ores 

et al. 


n 

3, 257, 198 

Beneficiation of Ore 

Volk, W. 

June 21, 1966 

•u 



et al. 


i 

3, 347, 659 

Process of Reducing 

Volk, W. 

October 17, 1967 

f] 


Iron Oxide 

et al. 


n 

3, 383, 200 

Reduction of Metallic 

Volk, W. 

May 14, 1968 



Oxides 



f( 

3, 414, 402 

Beneficiation of Low- 

Volk, W. 

December 3, 



Grade Iron Ores 

et al. 

1968 
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Use of Hydrogen aa an Industrial Fuel 

Present Use 

At present, hydrogen is used as an industrial fuel only under special cir- 
cumstances — for example, when an unwanted by-product stream of low- 
pressure or impure hydrogen is available from a nearby chemical process. 
Many industrial operations recover the fuel value of this by-product by using 
it directly as a boiler fuel. In some isolated cases, hydrogen has been con- 
sidered as a space-heating fuel. 


p Although this use of hydrogen is extremely limited at present, its poten- 

^ tial for growth is enornious. Until now, we have considered only chemiral- 

II feedstock uses for hydrogen. The entire use of energy resources for chemical 

II feedstocks accounts for only about 5% of U.S. consumption. On the other hand, 



industrial- fuel uses account for about 27% of the total consumption. It is there- 
fore in this area that the greatest potential for industrial hydrogen utilization 
lies. 

Before considering' the future potential of hydrogen for fuel use, we inves- 
tigated some of ihe factors influencing the present use of hydrogen as an indus- 
trial fuel. We visited North American Manufacturing Co. , Cleveland. North 
American, a principal U. S. industrial gas- and oil-burner supplier, designs 
and assembles con^onents into fuel-air supply systems for industrial- process 
heat devices such as boilers, reactors, and melting furnaces. The company 
has processed about a dozen hydrogen- burner installations to date and antici- 
pates an increase in this business. 

In all hydrogen systems to date, North American has provided engineer- 
ing services and has procured hydro gen- qualified components. However, 
final "piping up" was done by the customer. North American has supplied 
hydrogen-gas-train systems to the following concerns (presumably not an 
all-encompassing list): 

Huxxiko Products Div. , Memphis 
Hercules Powder Co. , Hopewell, Va. 

Bethlehem Foundry and Machine Co. , Bethlehem, Pa. 

J. T. Thrope and Co. , Houston 

Diamond Shamrock Corp. , Paynesville, Ohio 

Hooker Chemical Co. , Buffalo 

Goodyear Tiro ond Rubber Co. , Akron (engineering only) 
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Hydrogen supply pressures of up to 15 psig and supply pipe sizes of up to 
6 inches have been specified by the customers. Purity, in general, was 
"reasonably high"; but details were not given. 

North American’ s comments on the use of hydrogen as a fuel centered 
mainly on the safety aspects and on the codes of practice, not on the design 
and operation of the burners or of the heating equipment itself. 

North American uses special "precautions" in specifying the designs and 
component makeup of a hydrogen system. Electrical components for hydrogen 
service are under a different national electric code (Article 500 class) than 
those for use with other gaseous fuels (which are specified as "Class 1" by 
the code); 

• Group A — atmospheres containing acetylene 

• Group B — atmospheres containing hydrogen or gases or vapors of 

equivalent hazard, such as manufactured gas 

• Group C — atmospheres containing ethyle- ether vapors, ethylene, or 

cyclo-propane 

• Group D — atmospheres containing gasoline, hexane, naphtha, benzene, 

butane, propane, alcohol, acetone, benzol, laquer- solvent 
vapors, or natural gas . 

Not many component vendors have equipment approved or listed by Under- 
writers' Laboratories for Class B service, which encompasses hydrogen. 

According to representatives of North American, because of the liability 
of the company in cases of mishap involving equipment delivered to the cus- 
tomer, extreme precautions are considered appropriate. Specifically, the 
approval and/or recommendations of either (or both) Factory Insurance Agency 
(FIA) or Factory Mutual Engineering (FME), both of which provide regional- 
area cognizance, is strictly adhered to — and especially so for hydrogen 
service. Further, they noted that technical opinions provided by these groups 
vary from region to region. 

Although not necessarily in agreement on their spec ifications/re com- 
mendations, representatives of the FlA and FME have called for an identical 
"minimum- system" layout for hydrogen gas trains. North American' s inter- 
pretation of this specification is shown in Figure 12-10. This governs the 
basic layout of their hydrogen systems. A letter^^ from a representative of 
the local FME office to North American on the "Use of Hydrogen as a Fuel" 
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Figure 12-10, SCHEMATIC OF A GAS TRAIN FOR INDUSTRIAL 
BURNERS THAT USE HYDROGEN FUEL 
(Source: North American Manufacturing Co. ) 

(High and low ga@ pressure limit switches must be downstream from the high 
gas pressure regulator. Equipment should be arranged in this order: 

(1) manual valve, (2) high gas pressure regulator, if used, (3) low gas pressure 
swijkch, (4) safety valve, (5) vent valve, (6) blocking valve, (7) leak test cock, 

(8) manual valve, (9) high gas pressure switch, and (10) ratio regulator, 
if used. ) 

is most instructive in view of the dominant influence of the FIA/FME organi- 
zations on the design and engineering of any future industrial equipment that 
uses hydrogen as a fuel: 

"Combustion safety equipment should, in general, be installed as per 
Factory Mutual standards for the particular piece of equipment if natural 
gas were being fired. One exception to this is that due to the low molecu- 
lar weight and resulting high leakage potential of hydrogen, yre recom- 
mend that a double safety shutoff valve and normally open vent assembly 
be used in the fuel supply line. Main burner trial for ignition periods 
should be limited to a maximum of 10 seconds. Requirements for pre- 
ignition purge should comply with existing Factory Mutual standards, but 
it is felt especially important that the purge involve the upper passes of 
the unit due to the light weight of hydrogen. 

"If the hydrogen is produced at the plant, it should, or course, be of 
high quality in regards to being free from air or oxygen. Piping at the 
burner should be arranged with as short a length of pipe as possible 
between the safety shutoff valve and the burner in order to minimize the 
possibility of a combustible hydrogen- air mixture forming in the piping 
during shutdowns. Premixing of the hydrogen with air should be avoided 
due to the fact that no flame arrester is completely effective tinder all 
conditions with hydrogen. 

"The selection of safety equipment, valves, pressure switches, etc. , 
presents another problem. I feel that the combustion safeguard itself 
should be a Factory Mutual approved model. Flame detection may be a 
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problem« but we understand that ultra-violet scanners have been used 
successfully. Perhaps a reputable manufacturer of combustion safe- 
guards could be of assistance. 

”As for the remainder of the combustion safety equipment, I have been 
informed that no valves, pressure switches, etc. , are approved by 
Factory Mutual for use with hydrogen. This is not to say that they could 
not be used with success, just that they have not been tested by Factory 
Mutual for this service. Accordingly, we can make no recommendation 
for the use of Factory Mutual approved equipment. We would, of course 
recommend that good quality equipment be used and that manufacturers 
of the equipment be consv ited regarding its use. It is likely that North 
American has data concerning appropriate valves for use with hydrogen, 
and perhaps a reputable manufacturer of pressure switches could give 
you advice in that area. " 

Potential Use 

Industrial and electrical-utility usage of energy resources in the United 
States accounts for over one-half of the total energy usage. Figure 12-11 
presents the basic breakdown, by percent, of the total U. S. energy usage. 
"Process energy" is approximately 32% of this total, heating fuels represent 
28%, and electrical power from utilities comprises 9%*^® An additional 4% 
of the total is used for feedstock purposes. 


UTILITY GENERATION 



PROCESS 

ENERGY 


FEEDSTOCK 

ST90407I* 


Figure 1 2- 1 1. INDUSTRIAL AND UTILITY ENERGY USAGE 
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Figure 12-12 is a breakdown of the "process-energy" usage into steam 
(17. 47o) and direct heat (10.9% ). Note that industry generates only a relatively 
small amount of its consumed electric ity# 0. 7% as compared with the 9* 3% 
purchased from utility companies. 



Industrial energy needs are currently filled by natural gas (51%), oil 
(27%), and coal (22%). Preference is placed on natural gas because it is a 
clean, flexible, gaseous fuel. Significantly, hydrogen has the potential of pro- 
viding these same advantages over liquid and solid fuels. The largest single 
industrial use of energy is for the generation of process steam. The energy 
consumed for this function, alone, is roughly equivalent to the total energy 
consumed by all automotive transportation (i. e. , cars, trucks, and buses) in 
the United States . 

The process- steam application deserves primary consideration for con- 
version to hydrogen utilization. Curre-idy, about half of the energy used to 
provide process steam is delivered as natural gas. The conversion of con- 
ventional natural-gas-fired steam boilers to hydrogen could probably be 
accomplished with little modification of the conventional equipment. With 
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development and oxygen availability, hydrogen- oxygen direct steam- generation 
systems may be an environmentally clean, low'-cost, flexible^ and compact 
source of procees steam at a wide range of temperatures* 

This unique approach to steam generation, direct hydrogen- oxygen com- 
bustion at stoichiometric conditions, yields steam at extremely high tempera- 
tures* The calculated adiabatic flame temperature (and thus the steam 
temperature) is approximately 6000**F* Water Would be added immediately 
to cool the steam to the desired temperature. The mass flow of steam is com- 
mensurately increased. The technology for this process is derived from 
rocket-engine development in the aerospace field. 

Industrial firms, such as the Rocketdyne Division of Rockwell International 
Corp. , and the General Electric Co. , have carried out research on this type 
of steam generation for the past several years* Usually the objective has been 
associated with electricity generation using high- temperature- steam turbines. 
For example. General Electric refers to the scheme as "Hydrogen-Gxygen 
Turbine, Super-High Operating Temperature (HOTSHOT)."^'* Interestingly, 
the original patent for an "Oxyhydrogen Steam Generator" Was issued to 
E. E. Tucker in 1924 (Patent 1, 483, 917). Actually, the hydrogen- oxygen 
steam process can be employed for any steam requirement, given an economic 
source of hydrogen and oxygen. Prospective advantages of this process over 
conventional boilers are — 


i 

f 
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II 


Ft 

li 
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a. Higher conversion efficiency (no stack losses, minimal heat losses) 

b. No environmental pollution (zero emissions) 

c. Lower cost equipment that is simple and long-lived 

d. Instant start-up an^ shutdown 

e. Temperatures much higher than can be produced conventionally. 

Figure 12-13 shows the estimated competitive position of hydrogen steam 
generation in the overall U. S. nuclear and fossil- fuel system. The flatness 
of the hydrogen curve suggests the feasibility (via the hydrogen- oxygen 
approach) of very small, efficient, hydrogen- fueled steam generators. The 
arrow indicates anticipated improvements in efficiency and feasible cost 
reductions for hydrogen systems. As a point of perspective, contemporary 
industrial steam may cost upward of $ 3. 00/ 1000 pounds. 
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Hydrogenations and Oxo-Alcohol Production 

Chemical syntheses of products other than ammonia and methanol con- 
sume only relatively small amounts of hydrogen. For example, oxo-alcohols 
are synthesized by reacting olefins with synthesis gas (carbon monoxide and 
hydrogen in a 1:1 molar ratio). A typical process reacts synthesis gas with 
propylene to form butylaldehyde, which is hydrogenated to alcohol: 

C 3 H 6 + CO + Hj -> C 4 H 8 O 
C 4 H 8 O + H 2 ^ C 4 H 9 OH 

Oxo-alcohols are used as plasticizers, especially in the production of vinyl 
resins. World capacity, which is growing at 15% annually, is currently 
2. 6 million tons/yr. Using the above reactions as a model, the world require- 
ment for hydrogen to produce this quantity of oxo-alcohols would be about 
25 billion SCF/ yr. 

Other processes that use hydrogen are the hydrogenation of benzene to 
cyclohexane (an intermediate in the production of nylon) and the hydrode- 
alkylation of branched aromatics to obtain benzene, an important basic 
petrochemic al. 

Other Industrial Uses of Hydrogen 
General 

Hydrogen is also used in a large number of small-use sectors in 
industry, including — 

• Float-glass production and glass cutting 

• Semiconductor production 

• Electrical- generator cooling 

• Hydrogenation of edible organic oils and inedible tallow and grease. 

These applications for "distributable hydrogen" are included in the 
special list of hydrogen applications by Standard Industrial Classifications (SIC), 
Appendix A- 2. 
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Hydrogenation of Fate and Oils 

In the nonchemical hydrogen category, the largest use of hydrogen is for 
the hydrogenation of fats and oils. Both edible and inedible oils are hydro- 
genat'^d and are used in various products, such as baking and frying fats. 
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margarine, soap, paint, and varnish (drying oil). An order- of- magnitude esti- 
mate, derived from very limited survey data, is that this use cons\imes less 
than 10 billion SCF of hydrogen annually, based on a consumption of 15 billion 
pounds of fats and oils in 1973 at a usage rate of 0 . 6 SCF of hydrogen per 
pound of product. 


If economically tenable, fats and oils processes could readily use an out- 
side stream of hydrogen. First, the small consumption per plant (from 0. 5 to 
2. 0 million SCF/day) makes onsite steam reforming expensive. Second, pure 
hydrogen is required. Third, unlike other uses, these do not require other 
industrial gases, such as nitrogen or carbon monoxide. Fourth, hydrogenation 
is carried out at ambient temperature and at low pressures, so the gas could 
be used directly without heating or being greatly compressed. 
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13. RESIDENTIAL USE OF HYDROGEN - M. I. Scott, J. C. Gillis, and 
P, A. Ketela 

The use of hydrogen as a residential fuel can be justified if hydrogen 
gas can be produced, delivered to, and utilized by residential customers more 
economically than can other energy forms. Hydrogen is thus a potential alter- 
native to natural ga^, oil, or electricity. The substitution of hydrogen for natural 
gas or oil would come about only if the prices or availability of these fuels 
dictated the change,' 

' It should be noted that total conversion to hydrogen -energy utilization is 
not being advocated here. It is anticipated that a combination of energy forms 
will continue to be consumed — i. e., fuel gas and electricity. Some appli- 
cations, such as lighting requirements and electric motors, are best served 
by electricity. However, eventually it may be beneficial to convert applica- 
tions that currently consume fossil fuel (primarily natural gas) to hydrogen 
consumption because a distribution network already exists that has utiliza- 
tion equipment potentially capable of using hydrogen as a fuel after some 
modification. 

Residential Energy -Use Patterns 

Assessed in this report section is tiie feasibility of using hydrogen to suppl 
a substantial portion of the energy requirements for a single-family dwelling 
unit. This assessment of residential hydrogen utilization is based on the 
schematic diagram presented in Figure 13f-l, It is made from the point at 
which energy enters the residential unit and will not be concerned with the 
factors effecting energy production, transmission, and distribution because 
these are accounted for in other parts of the report. As seen in Figure 13-1, 
we are concerned with both the present consumer of energy and the new cus- 
tomer. The present energy user already owns appliances and is faced with the 
probability of converting these appliances from present energy forms to new 
ones as the conventional fossil -fuel forms of energy are depleted. The decision 
to convert will he b^sed on such factors as the age of a particular appliance, the 
cost of conversion, and the cost of alternative energy supplies. 
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Figure 13-1. GASEOUS FUEL VERSUS ELECTRICITY 


The new energy user does not currently own any appliances, but Instead 
has to decide which to buy. The purchase decision is likely €b be based on 
Ihe cost and type of energy available to him and on the initial cost of the 
equipment. One exception to this is the availability of solar heating. It is 
assumed that such systems will be available within the near-terrrji time 
-frame; however . the cost of such a system is expected to be high, while the 
related energy or fuel cost will be zero {except for possible standby equip- 
ment). Should the new consumer choose some form of ready-built housing, 
the decision as to a specific configuration of appliances will already have 
been made for him. 
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Residential-Uiiit Characteristics 

" ' ^ ■" " 

A prerequisite tp a discussion of energy utitlization in the residential market 
is knowledge of the quantities of various energy forms consumed for such pur- 
poses as ppace l^egting, coolings cooking, water heating, clothes washing and 
drying, and U^htipg. For purposes of discussion and later comparison, a 
spepific 4wel}i^g'>pnit type was chosen for use in quantifying residential 
energy consumption.^ Whe consumption is not to be considered as representa- 
tive of patterns aprons the United States, but merely serves as an example. ■ 
This configuratiqn, fpjfi a typical, single-family dwelling unit in the North- 
eastern United Stacie s, was developed by the Bureau of Census from data 
colleqtpd pn housing ponstruction techniques within that region. Table 13-1 
is the rpsniildng lipt of housing parameters. It can be seen that the 
unit outlined ie t|epBndent upon bodi natural gas ard electricity as energy 
sources^ Annual energy ponsumption within the above residence is shown, 
by application, in Table 13-2. The energy consumed is predicated on in- 
stallation of the mppt modei^n appliances found in a newly constructed 
home. 

Data on residentiLal-rqppliance gas consumption are available from a num- 
ber of sources. In this discussion we have chosen to use some information 
made available by sepies of tests performed by Northern Natural Gas Co. 
of Omaha, Nebraska.^* These dataware selected because they are presented 
as a function of water temperatures for the ease of water -heating consumption. 
This method of data presentation makes the data useful and readily convertible 
to other gqogrqphip regions. The test data are actual measurements made in 
residential customers' homes through the use of specially installed meters 
mat were pionitored over a, period of time. 

It can he seen in Table 13-2 that space and water heating are the major 
energy -consuming f^ppljcations within the given residential situation. It 
should also bp npte^ that the quantity of electricity consumed within a resi- 
dence cap vary by p ^Uqtor of 2 or more for a specified floor area. This 
vapiapye ip cpnpqpoptiqp can be primarily attributed to assorted living 
patterns, bnman fpptor^, and the number and type of appliances within a 
particular sitqptipp, 
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Table 13-1, 

House Floor Area 
House Style 
House Construction 
Exterior -Wall Construction 
Surface 
Sheathing . 

Insulation 

Inside 

Ceiling Insulation 
Basement Type 
Attic 

Window Area 
Window Type 
Storm Windows 
Door Area (3 Doors) 

Door Type 

Storm -Door Area 
Patio Door 
Window Covering 


External Landscaping 
Direction House Faces 
External Colors 
Roof Construction 
Heating System 
Cooling System 
Garage (Enclosed) 
Residents 
Location 


HOUSING PARAMETERS’'* 

1 500 sq ft (finished) 

Two story 
Wood frame 

Wood Shiplap 

1/2 -inch insulation board. 

R-7 batting 

1 /2-inch dry wall 

i 

5 inches blown- in 
Full (unfinished) 

Ventilated, unheated 
12% of floor area 
A1 casement 
None 
60 sq ft 

Wood panel with 0.5 sq ft of 
glass pane 

40 sq ft 

40 sq ft (single pane) 

70% draped 
20% shaded 
10% open 
No awnings 
No shading effect 
North 

White roof and walls 
Asphalt shingle 
Forced hot air, natural gas 
Central, electric 
Attached, slab, unheated 
Two adults, two children 
Northeastern region of U. S. 
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In addition- to the above housing characteristics, external weather 
conditions must be defined. 
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Table 13^2. ANNUAL ENERGY CONSUMPTION IN 
RESIDENTIAL UNIT, NORTHEAST REGION 


Natural Gas Load 

Energy Consumed, 
10^ Btu 

% of Total 
Consumption 

Space Heating 

132.0 

64. 8 

Water Heating 

27,0 

13.3 

Cooking 

6.4 

3. 1 

Clothes Drying 

3.4 

1.7 

Subtotal 

168.8 

82.9 

Electric Load 

Centra^ Aip Conditioning 

12,5 

6.1 

Lighting 

6,8 

3.3 

Refrigerator -F reezer 

6. 2 

3. 1 

Clothes Washer 

0. 3 

0.2 

Color TV 

1.7 

0.8 

Furnace Fan 

1. 3 

0.6 

Dishwasher 

1.2 

0.6 

Iron 

0.5 

0.2 

Coffee kfaker 

0.4 

0.2 

Mi acellaneous 

-iui- 

2.0 

Subtotal 


-IIJl 

Total 

203.8 

lOO.O 


Space Heating 

Space heating is the pingle largest energy-consuming application within 
the example ^welling As shown in Table 13-2, it accounts for 64,8% 

of the total ene rgy ppnsuined. 

The estimated annual gas consumption for space heating in single -family 

I 

dwellings, by si?5e. Is presented in Figure 13-2. Data are presented for 
house sizes ranging from 800 to 2000 aq ft of floor area and for annual degree 
days* ranging from 5000 to 10,000. The estimated annual gas compositipn 
can be seen to vary fpom 100,000 to 280,000 SCF. The estimated peak-day 
requirements by houfe size at an average daily outdoor temperature of 0*^F 
are presented in Table The se data are useful in illustrating die changes 

in consumption levels for dwelling units of various sizes. 


Degree-day heating; A measure of the coldness of the weather experienced 
based on the extent to which the daily mean temperature falls below a refer- 
ence temperatnpe, usually 65 F. For example, on a day when the mean 
outdoor dry-bplh temperature is 35 °F, there would be 30 degree days expe- 
rienced. A daily zppan temperature usually represents -the sum of the high 
and low Readings fqr the day divided by two. 
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Figure 13-2. ESTIMATED ANNUAL CONSUMPTION 
BY DWELLING-UNIT SIZE 

Table 13-3. ESTIMATED PEAK -DAY NATURAL GAS REQUIREMENTS 
BY HOUSE SIZE AT AN AVERAGE DAILY TEMPERATUE OF CP F 

House Size, sq ft 

Peak Day, SCF 

800 

1302 

1000 

1398 

1200 

1494 

1400 

1590 

Ugo 

1685 

1800 

1781 

2000 

1877 
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The standing pilot flames associated with present residential space > 
heating equipment consume about 20 to 35 SCF of natural gas/day. At the 
average rate of 27 SCF /day, the heating unit will have an annual pilot-light 
load of approximately 10,00Q SCF if the pilot burns throughout the entire 
year. The pilot-light load is included in the quantity of annual energy con- 
sumed listed above. 
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Water Heating 

The anpual quantity of energy required for water heating is more dependent 
upon ^he number <||f occupants in a home than on the number of degree days. 

The estimated water-heating load is presented in Table 13-2 and is equiva- 
lent to about 13. 3% of the total energy consumption. It can be seen in Table 
13-4 tha,t annual energy consumption varies directly with the number of family 
members. For the family of four presented in the example dwelling unit, 
the energy consumed on an annual basis is about 41, 000 SCF. 


Table 13-4. ANNUAL WATER-HEATING LOAD, BY 
FAMILY SIZE 


Occupants, No. Estimated Load, SCF 


1 

2 

3 

4 

5 

6 

7 

8 


32,820 
35,660 
38,500 
41, 336 
44, 176 
47,016 
49,855 
69,691 


There is a seasonal variation in the amount of energy required that is 
related to the ternppr^t’ire of the incoming water. Because the city water 
supply is warmer in the summer than in the winter, less heat is required 
to bring it to the pi red thermostatically ctmtr oiled temperature. This 

variation ip phoy^ in Figure 13-3. It can be seen that water-heating loads 
pepk in ^e 'S|di^tpy seasop at a value approximately 30% above the summer 
level. 
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Figure 13-3. COMPARISON OF AVERAGE MONTHLY WATER 
TEMPERATURE AND AVERAGE DAILY WATER -HEATER 
CONSUMPTION, BY MONTH 

The pilot- light load for water heating with natural gas is estimated at 
about 17 SCF/day, or 6200 SCF/yr. (These loads are included in the esti- f 

mates presented in Table 13-2. ) The range is 24 SCF/day, with the majority 
of tile units consuming between 15 and 20 SCF/day, 

Cooking 

The natural gas requirement for cooking in our example dwelling unit is 
about 6. 4 million Btu/yr, This is equivalent to 3. 1 % of the total energy con- 
sumed, as shown in Table 13-2, The pilot- light consumption is a major 
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factor in cooking |7ange^ and accounts for about 60% of the total amount, or 
2, 4 million Btu, magnitude of the annual gas load for use in cooking is 

difficult to relate to family size because of existing variations in individual 
cooking habitSo 

The pjeak-day coqking load occurs, as might be expected, on either Christ- 
mas or Thanksgiving pay. Some heaVy cooking loads also occur during July 
and Augpst and can bq attributed to the canning season. 

Clothes Drying 

The estimated annual natural gas requirement for clodies drying, as in 
the qaise q| watsi^ heating, is dependent upon the number of occupants in the 
dwelling. As pho'^|irp is^ Table 13-2, the amount of energy consumed in clothes 
drying is about 3»4 million Btu, or 1. 7% of the total energy consumption. A 
tabulation of estimated annual gas loads for clothes drying, based on the 
number of occupants, is shown in Table 13-5. 

Table 13-5. ESTP(4ATED ANNUAL DRYER LOAD, BY FAMILY SIZE 


Number of Occupants 

' 

2 

3 

4 

5 

6 

7 

8 


Estimated Load, SCF 

2321 

3391 

4464 

5533 

6606 

7680 

8740 


The estimated loads shown in Table 13-5 do not include pilot-light con- 
sumption because gas pilot flames are used only a small number of gas dryers 
currently in use. Generally, electric ignition systems are installed on the 
more expensive g^s For dryers without electric ignition of the dryer 

fla,me, an annual load of approximately 3000 SCF should be added to the 
estimates listed in 13-5. It should be noted that in the case of two 

occupants ppf dy^C^Uqg unit, the pilot light consumes more natural gas over 
thq period of p. year than does th^ operating load. 

Electpcitv Consumption 

The electric load In the example dwelling Unit accounts for 17. 1% of the 
total annual energy consumption. As shown in Table 13-2, this is equivalent 
to 35 million Btu, or 10,255 kWbr, As in die case of cooking, the con^ 
sumption of electricity Is dependent upon many variables that cannot be 
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measured as accurately as degree days, nor can it be, based simply on the 
number of occupants. 

At present, the amount of electricity consumed within a residence can 
vary by a factor of 2 for any given floor area. The increase in the use of 
electricity within a residential unit can be illustrated by the history of New 
York State usage over 10 years {from I960 to 1970). {See Figure 13-4.) The 
annual electrical use per customer has almost doubled. This trend has been 
created by the addition of appliances that are principally conveniences. The 
quantity of electricity consumed by various appliances on an annual basis is 
shown in Table 13-6; 


i: 14 

UJ?i 

c/j 
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, o 
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^ . 12 
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Z UJ 
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10 
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t- S E 
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Figure 13-4. HISTORICAL. ELECTRICITY GROWTH , 

NEW YORK STATE 


The Use of Hydrogen in Domestic Appliances 

If hydrogen is to replace natural gas in residential appliances, the behavior 
of hydrogen in burners designed to combust natural gas must be explored, 
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Table 13 - 6 , 
(Source; 


ENERGY CONSUMPTION BY ELECTRIC APPLIANCES 
Edison Electric Institute, Marketing Division, 1969 ) 


^ p^stimate^ for season (6 months) of peak ase* 

^ Based on special water heatlna rate. 
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Average 

Estimated Annu- 


Average 

Estimated Annu- 


Wattage 

al Consumption, 


Wattage 

al Consumption, 

Appliance 

Rating 

kWhr 

Aopliance 

Rating 

kWhr 

Air Conditioner* 



Humidifier 

117 

163 

(Window) 

1,^66 

1,389 

Iron (Hand) 

1,008 

144 

Bed Covering* 

177 

147 

Iron (Mangle) 

1,465 

165 

Broiler 

1,436 

100 

Oil Burner 



Carving Knife 

92 

8 

or Stoker 

266 

410 

Clock 

2 

17 

Radio 

71 

86 

Clothes Dryer 

4,856 

993 

R adio- Phonog raph 

109 

109 

Co0ee Maker 

694 

106 

Range 

12,207 

1,175 

Cooker (Egg) 

510 

14 

Refrigerator 



Deep-Fat Fryer 

1,448 

33 

(12 cu ft) 

241 

725 

Dehumidlfler 

257 

377 

Refrigerator (Frost- 
less, 12 cU R) 

321 

1,217 

Dishwasher 

l»20i 

363 

Refrigerator-Freezer 



Fan (Attic) 

370 

291 

(14 cu ft) 

326 

M37 

Fan (Circulating) 

88 

43 

Refrigerator-Freezer 

615 

1.829 

Fan (Furnace)* 

292 

394 ' 

(Frostloss, 14 cu ft) 

Fan (Rollabout) 

171 

138 

Roaster 

1,333 

205 

Fan (Window)* 

190 

165 

Sewing Machine 

75 

11 

Floor Polisher 

305 

15 

Shaver 

14 

18 

Pood Blender 

386 

15 

Sun Lamp 

279 

16 

Food Freezer 



Television (B&W) 

237 

362 

(15 cu ft) 

341 

1,195 

Television (Color) 

332 

502 

Food Freezer (Frost- 



Toaster 

1,146 

39 

less » 15 cu ft) 

440 

1,761 

Tooth Brush 

7 

5 

Food Mixer 

127 

13 

Vacuum Cleaner 

630 

46 

Food Waste Disposer 

445 

30 

Vibrator 

40 

2 

Frying Pan 

M96 

186 

Waffle Iron 

1,116 

22 

Germicidal Lamp 

20 

145 

Washing Machine 



Grill (Sandwich) 

1,161 

33 

(Automatic) 

512 

103 

Hair Dryer 

381 

14 

Washing Machine 


76 

Heat Lamp (Infrared) 

250 

13 

(Nonaut omatic ) 

f. 

286 

Heater (Radiant) 

1,322 

176 

Water Heater 

2,475 

4,219 

Heating l^ad 

65 

10 

Water Pump 

460 

231 

Hot Plate 

1,257 

90 
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The following discussion is intended to show why hydrogen cannot be directly 
substituted into residential appliances and what burner modifications would be 
necessary before hydrogen could be used as a fuel. It should be kept in mind 
that similar equipment modifications were necessary when natural gas was 
substituted for manufactured gas. 

Hydrogen has a number of combustion properties that can be beneficially 
exploited with burners that operate through the action of a catalyst (i.e . , 
catalytic burners) rather than through the action of a flame (i.e. , atmospheric 
burners). The experimental work performed to date on such burners will also 
be described. 

Conversion of Existing Appliances 
Atmospheric Burners 

The burners built into domestic gas appliances are designed to burn fuel 
from a loW-pressure (from 3 to 16 inches water column) gas source, and so 
they are known as "atmospheric burners. " These burners operate on the 
same principles as a Bunsen burner. 

A Bunsen burner consists of a straight, smooth metal tube with a gas- 
metering orifice at the lower end. Ambient air enters the tube through 
adjustable openings around the gas orifice and is transported (entrained) by 
the high-velocity gas stream (jet). The air-gas mixture is ignited as it 
emerges from the upper end of the tube (the burner port). The air supplied 
through the burner openings near the metering orifice, before combustion, 
is primary air . Ambient air mixed after ignition is secondary air . Figure 
13-5 shows the basic construction and nomenclature of an atmospheric gas 
burner. 

During operation, gas issues at a high velocity from the gas orifice 
(which also meters the gas flow into the burner), creating a vacuum or low- 
ered pressure, which allows the primary air to enter and mix with the gas. 
While continuing to mix, the air-gas mixture moves down the tube and into 
the burner head. The mixture passes through the ports and is ignited; The 
amount of primary air is described as a percent of the theoretical air required 
for complete combustion. For example, .*p»>iS 6 \CF of air is required to burn 
1 CF of methane (CH 4 ); 

CH 4 + ZOi + 7. 56 N 2 -* CO 2 + 7. 56Nj + heat (13-1) 
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Figure 13-5. PRINCIPAL PARTS OF A TYPICAL 
ATMOSPHERIC BURNER 


Therefore, a 65% primary air mixture would have 6.214 CF of air mixed 
with 1 GF of methane. The balance of the air required to complete combus- 
tion — i, e. , 3, 346 CF — would then be secondary air. Figure 13-6 shows 
flame geometry as a function of percent of primary air and natural gas. 



1 C|i CAS 1 CF CAS 

ID CFAtn TA CFAtA 

lOGVIWITt T^^UlK 



Figure 13-6. FLAME GEOMETRY VERSUS PERCENT AERATION^® 


For efficient operation, atmospheric burners must be able to perform 
under a wide variety of field conditions and must meet the following basic 
requirements ® : 
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• Controllability over a wide range of turn down without danger of flash- 
back or flame -out 

c Uniform distribution of heat, including uniform flame height and good 
flame distribution over the area being heated 

• Complete combustion — 1. e., no formation of carbon (soot) or carbon 
monoxide (CO)’’ 

• No lifting of the flame away from the ports 

• Ready ignition i.e., the flame traveling rapidly and without difficulty 
from port to port over the entire burner 

• Quiet operation upon ignition, during burning, and upon extinction. 

Contemporary atmospheric burners are capable of efficient operation over 
a wide range of input pressures. Range burners, for example, will operate 
at input pressures ±50% of the normal pressure of 7 inches water column 
(0.253 Ib/sq in. ).^ Atmospheric burners can also be designed to burn any 
of a variety of fuel gases, some properties, of which are shown in Table 13-7. 

Table 13-7. GAS MIXTURES USED WITH CONTEMFOR/i RY 
ATMOSPHERIC -TYPE RESIDENTIAL BURNERS 


Type of 
Fuel Gas 

High (Gross) 
Heating Value, 
Btu/cu ft 

Specific Gravity 
(Air =1.0) 

Natural 

1075 

0.65 

Manufactured 

535 

0.38 

Mixed 

800 

0. 50 

Butane 

3175 

2.00 

Propane 

2500 

1. 53 

Butane -Air 

525 

1.16 

Butane -Air 

1400 

1.42 


It should be noted that during start-up carbon monoxide may be formed 
if the flame is quenched by a cold target (e.g., water in a water heater). 
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Tables 13-8 and 13-9 give the ph/sical and operating descriptions ol the 
representative atmospheric gas burners used on residential appliances and 
a calibration- type Bui^sen burner shown in Figures 13-7 and 13-8, respec- 
tively. 

The iollowing discussion compares the performance of unmodified burners 
on natural gas and on hydrogen and shows what modifications should be made 
during conversion of appliances from natural gas to hydrogen. 

Fuel Flow Rate 

The gro^s (high) heating value of a typical natural gas is approximately 
1060 Btu/SCF, but the gross heating value of hydrogen is only 325 Btu/SCF. Thus 
for a burner operating on hydrogen to deliver the same amount of heat as one 
operating on natural gas, per unit time, it will have to pass 3.26 times as 
much fuel (by volume), Superficially this would seem to preclude the uSe 
of hydrogen in exipfiing appliances without extensive modification. However, 
the flow of compressible fluids through nozzles (or metering orifices) is governed 
by the Bernoulli theorem, which can be expressed as — 

q= YCA(hjyp)“-5 (13-2) 

where — 

q = flow rate through the nozzle or orifice, CF/hr 

Y — expansion factor (function of specific heat ratio, ratio of orifice 
or throat diameter to inlet diameter, and ratio of downstream to 
upstream absolute pressures) 

C = coefficient of discharge 

A = area of orifice, sq in. 

hj^ss the measured differential static head or pressure across the 
burner port, in, wc 

p = specific gravity of gas (air = 1). 

If the value of the term YCA is assumed constant for the two gases, natural 
gas and hydfogen, and the pressure (h^^) is held constant for the same orifice, 
the relative flow rates would be — 

q(Ha) = q(nat. gas) [(O. 599/0. 0696) ?• ® 

q(Hj) = q(nat. gas)(2.93) 
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Table 13 -8. IDENTIFICATION AND DESCRIPTION OF THE BURNERS IN FIGURE 13-7 


i.-,,.. -X f t . j --1 * j . 

t..'rwV.tMMNr^ 


!■ 

!•• 

i-- 

f.- 

i o 

r ' 

Item 

No. 

Input Rating, 
Btu/hr 

Total No. 
Ports 

Total Port Area, 
sq in. 

Burner Construction 
Material 

AppI Lance 

1 

6, 600 

48 

0.33 

Cast iron 

Range 

1' *" 

j 

2 

12,800 

64 

0.64 

Cast iron 

Laundry 

boiler 

il6 

G A 

3 

45,000 

34 

0.63 

Cast iron 

Water 

heater 

C/I 

4 

9.000 

52 

0.28 

Alximinum 

Range 

i.- 

r 

5 

9. 000 

70 

0.23 

AlTiminxim 

Range 

V 

|: m 

6 

12,000 

72 

0.39 

Aluminum 

Range 

t ^ 

7 

5,000 

1 

0. 15 

Alumintim 

-- 
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Table 13-9. IDENTIFICATION AND DESCRIPTION OF THE BURNERS IN FIGURE 13-8 


z 
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> 
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X 

X 

o 

1“ 

o 
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Item 

No. 

Input Rating, 
Btu/hr 

Total No. 
Ports 

Total Port Area, 
sq in. 

Burner Construction 
Material 

Appliance 

L 

5,000 

1 

0. 15 

Aluminum 

-- 

2 

9, 000 

48 

0.23 

Aluminum 

Range 

3 

30,000 

55 

1.79 

Cold rolled 
steel 

Furnace 

4 

9,000 

69 

0.26 

Aliiminum. 

Range 

5 

12,000 

72 

3,02 

Cold rolled 
steel 

Furnace 

6 

27, 500 

1 

0.91 

Cold rolled 
steel 

Water 

heater 


40,000 

20 

0.02 

Cold rolled 
steel 

Water 

heater 

8 

75,500 

42 

1. 13 

Cold rolled 
steel 

Water 

heater 

9 

48,000 

34 

0.63 

Cast iron 

Water 

heater 

10 

6,600 

48 

0.33 

Cast iron 

Water 

heater 

11 

12,800 

64 

0. 64 

Cast Iron 

Laundry 

boiler 

12 

15,000 

105 

0.76 

Cast iron 

B roile r 

* Uses 

secondary air only. 
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13-8. CONTEMPORARY GAS APPLIANCE BURNERS (DOMESTIC) 
WITH A VARIETY OF PORT CONSTRUCTIONS AND A 
CALIBRATION BUNSEN BURNER 




8/75 8962 

Thus the burner, without any chcinges, will pass 2,93 times as much hydrogen 
as natural gas. The difference in heat-delivery rate between natural gas and 
hydrogen is then — 

= 0,898 (13-4) 

eind the hydrogen burner will deliver only about 10% less heat per unit time. 
Air/Fuel Ratio 

The air/fuel ratio for the complete combustion of natural gas is approxi- 
mately lOtl. (See Table 13-10.) The air/fuel ratio for hydrogen is calculated, 
based on stoichiometric combustion, to be 2. 38; 1, As shown in Figure 13-6, 
the amount of primary air entrained prior to combustion greatly effects the 
characteristics of the flame. 

Primary-Air Entrainment 

Tests on numerous burners show that, for a given burner, the percentage 
cf primary air that is entrained closely follows the empirical equation® — 

IP = KftPd)'** 25 /(H)0- sy RO* 5 (13 -5) 

where — 

IP = entrained primary air theoretically required for complete combustion, 
pe rcent 

P = pressure of the fuel gas upstream of the entering orifice 
d =: specific gravity of the fuel gas 
H = heating value of the fuel gas 
R = energy input rate 

K = experimentally determined constant. 

Table 13-11 gives the values calculated for comparison of the ability of 
an assumed 10,000 Btu/hr -input rated atmospheric burner to entrain primary 
air using gases (natural gas and hydrogen) that have densities thait differ by 
approximately 360%. The values of IP/K for hydrogen and for natural gas 
indicate that a higher percentage of primary air will be entrained by hydrogen 
than by natural gas. 
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H Table 13-10, CHEMICAL ANALYSIS OF A HIGH- ME THANE ADJUSTMENT GAS 




c 

Component 

'Chemical 

Formula 

Cu Ft/ 
Cu Ft of Gas 

Sp Gr 
X ^0 Gas 

^gh {Gross) 
Heatipg Value, *® ' 
Btu 

Air Required for 
Complete Com- 
bustion, cu ft 

fn 

Methane 

CH 4 

0.9363 

0 . 518 

. 947. 84 

8.950 

O 

Sthane 

CzHs 

0.0358 

0. 037 

63.49 

0 . 597 

"n 

Propane 

C 3 H 8 

0.0102 

0.016 

25.74 

0.248 

OJ 

Butane 

C 4 H 10 

0.0040 

0.008 

13.06 

0. 124 

o ^ 

> 

Pentane 

CsHi 2 

0.0012 

0.003 

4.82 

0.046 

c/> 

Hexane 

C 6 H 14 

0.0008 

0.002 

3.81 

0.040 


Carbon 

Dioxide 

CC 2 

0.0070 

0.011 


^ 

m 

Nitrogen 

Nz 

0.0047 

0.004 

_ _ 


n 

z 

Total 


1.000 

0.599 

1058.76 

10.005 


Z 

o 


o 

o 

-< 






H»ai>l^ 
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Table 13-11. VALUES OF A 12,000 Btu/hr ATMOSPHERIC BURNER'S 
AIR INJECTING ABILITY FOR A HIGH-METHANE 
NATURAL GAS AND HYDROGEN 


Fuel Gas 



Natural Gas 

Hydrogen 

P, in. wc 

7.0 

7.0 

d (Air = 1) 

0.6 

0.07 

H, Btu/SCF 

1059 

32.5 

R, Btu/hr 

10,000 

10,000 

PdO’is 

1.43 

0.837 

HO.5 

32.54 

18.03 

R®‘® 

100.0 

100.0 

IP/K X 10 

43.9 

46.4 


Table 13-12 gives the typical primary-air requirements for appliance burners 
operating on natural gas. If we assume the range-top burner is adjusted for 
natural gas (60% primary air) and we replace the natural gas with hydrogen, 
the primary aeration for the substitution would equal, by Equation 13-7, 85%. 

Table 13-12. MINIMUM PRIMARY-AIR REQUIREMENTS FOR VARIOUS 
TYPES OF APPLIANCE BURNERS ^ 


Primary- Air Portion of the 
Total Theoretically 

Type of Burner Required Air, % 


Range Top 
Range Oven 
Water Heater 
Radiant-type Space Heater 
Other Heating Appliances 

Burning Velocity 


55-60 

35-40 

35-40 

65 

As low as 35 


The burning velocity of natural gas, using 100% of the theoretically 
required air, is about 1 ft/s.^ The burning velocity of hydrogen, however, 
has been measured at 9. 2 ft/s using only 57% of the theoretically required 
air. Because the hydrogen flame is so much faster than the methane flame, 
there may be the difficulty of flashback with hydrogen burners. 


Flashback is the propagation of the flame front back through the burner 
ports and upstream to the metering orifice. The flame cannot travel through 
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the orifice because the gas upstream is pure fuel a^id cannot sustain combus- 
tion^ HoweveT*, if combustion takes place at the metering orifice instead of 
at the burner ports, the burner head may be severely damaged. 

The tendency of a burner to flashback is indicated by the boundary velocity 
gradient of the burner port. The boundary velocity gradient can be derived 
from l^oiseuille* s Law (the basic equation for laminar flow in ducts), which is 
expressed as*^ — 

V = k(R* ~ r®) (13-6) 


h. i i 

1 

r 

\: L 

where — 

f'- 

1 n 


- gas velocity 

1 

k 

- a constant 

\ 1 ^ 

R 

gas stream radius 

1 

r 

= distance from stream center 


The value of the constant (k) can be determined by using volume flow per unit 
time — i.e,, gas flow rate — and the tube radius (R): 

k = ZV/irR'‘ (13-7) 

where V is the vqlumetric flow rate. Substituting the value of k into Equation 
13-6, the gas velocity {V ) is calculated to be — 

V =^V/ffR*}(R2 - r2) (13-8) 


V =^V/ffR*}(R2-r2) 

& 

The average value of the gas velocity (p ) is — 

S 


v„=».4V/3 ttR^ 


(13-9) 


Figure 13-9 shows the velocity profile of a gas stream from a burner port, 

Figurq 13-10 ^hpws the interplay between the gas velocity ( p ) and the flame 

S 

speed (y ^). 

Assuming that the inner cone of a flame from a Bunsen burner is a right 
cone — that is, q trqe cone of revolution — and that the air-gas flow is laminar, 
by definition,^ the flqme velocity {v is the component of the average air-gas 
velocity ( ) in a direction perpendicular to the flame front, as shown in 

o 


It is also assumed that within the inner cone there exists only an unburned 
gas mixture. 
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Figure 13-9. PARABOLIC VELOCITY PROFILE OF A STREAM 

AT A BURNER PORT^ 


MIXTURE 

VELOCITY 

cr:::. 



Figure 13-10. MIXTURE VELOCITY VERSUS FLAME SPEED 
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Figure 1.3-11. Therefore, from Figure 13-11 — 


“ V sin 0 
1 K 


8962 

(13-10) 


under stable conditions. 



Figure 13-11, FLAME FROM A BUNSEN BURNER WITH A TRUE 
CONE-OF-REVOLUTION INNER CONE 


If Equation 13-6 (Poiseuille* s Law) is differentiated with respect to r, 
setting r eqpal tp R, the boundary velocity gradient can be obtained: 


grad t' “ 4V/ irR ^ 


(13-11) 

However, when the burner port diameter is so large that the air-gas velocity 


[u ) profile at the wave fringe may be considered linear, the air-gas velocity 

O 


equation may be approximated by the equation — 
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1 / = grad (13-12) 

O 

where d Is the distance from the stream boundar/. 

Thus the gas velocity at any d is proportional to the velocity gradient; and 
if a state is reached in which the gas velocity (^^g) some point beconnes 
smaller than the burning velocity ( the combustion wave propagates back 
against the gas stream Into the tube — that is, it flashes back. At limiting 
conditions for lifting flames (blowoff), grad i/ becomes the critical boundary 
velocity gradient. At this value, the air-gas velocity ( I' g) exceeds the burn- 
ing velocity (flame speed, u^), and blowoff occurs. 

The results of the investigations by Grumer, Harris, and Rowe (of the 
U.S. Bureau of Mines) concerning flashback, lift-off, and stability of 
methane-air and hydrogen-air mixtures, are shown in Figures 13-12 through 
13-14. In general, a hydrogen flame can be leaner than a methane flame 
before blowoff will occur; however, the velocity gradient (t' ^j) must be main- 
tained at a higher level to prevent flashback. To prevent flashback, the 
values from Figures 13-12 through 13-14 indicate that at the critical boundary 
values for stoichiometric mixtures of hydrogen and air, the average gas 

velocity {^ ) of hydrogen should be approximately 9 times greater than the 
S 

average velocity of methane. 

The experimental results shown in Figures 13-12 through 13-14 were 
obtained from measurements taken on single -port Bunsen burners and are 
not strictly applicable to multiport burners found in contemporary appliances. 
However, if Equation 13-11 is applied to a typical Bunsen burner (for example, 
burner No. 1 in Table 13-9), the boundary velocity gradient is found to be 
approximately 2000 (assuming 60% primary air stoichiometric). Figure 13-12 
shows that the burner will then be operating in stable -flame range. If the 
same burner were operated on hydrogen (with no adjustments), the boundary 
velocity gradient, calculated by using the analysis of the air/ fuel ratio, primary- 
air entrainment, and fuel flow rate shown above, would be about 2600 at a gas 
concentration of 1. 18 times stoichiometric. Figure 13-14 shows that flashback 
would then occur. Again, it should be remembered that the flashback charac- 
teristics of real appliance burners cannot be accurately determined by analysis 
of single -port burners and that their tendency to flash back when operated on 
hydrogen must be determined experimentally. 
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GAS CONCENTPATION * FPACTlOP* OF STOlCHlOMETR JC 


Figure 13-13. FLAME -STABILITY DIAGRAM FOR NATURAL GAS® 
(91.5% CH 4 , 5.2% CjHfc, 1.3% CaHa, 0.9% COg, 0.6% N^, 

0.2% C3H6, 0.2% C4H10. 0.1% C4H8) 


One of the consequences of hydrogen' s high flame speed is a change in 
the shape of the flame. A standard natural gas flame is a cone about 1/8 
inch high; but with hydrogen, the flame will be much shorter. To show this, 
we assume a natural gas flame height of 3,17 mm and a port radius of 
0.377 xnm. From Equations 13-3 and 13-10 — 

(nat. gas) =8.5 ft/ s 

. (13-13) 

1/ (hydrogen) = (2.93)(8. 5) 24.9 ft/ s 

8 

From Figure 13-11 — 

h (iimer cone flame height) « r cot 6 (13-14) 

and, from our assumptions, r equals 0.377 mm. Therefore, for hydrogen 
h equals 0.948 mm. This indicates a decrease in height of approximately 
70 ®^ . If, however, the velocity of the hydrogen is increased by a factor of 9 
to stop flashback, h equals 3.11 mm; and the change in inner-cone flame 
height would be only 2% . If the flame height is to be maintained, the velocity 
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of the hydrogen through the burner ports must be 9 times greater than that of 
the methane. (The port gas velocity could be increased either by increasing 
the upstream pressure or by decreasing the port diameters.) 

The problem of flashback in the conversion of natural gas appliances to 
hydrogen can be treated in two ways. One way is to simultaneously increase 
the upstream pressure and decrease the port size. This can increase the 
flow velocity through the burner ports enough so that it is greater than the 
flame speed. The other method is to decrease the amount of primary air so 
that the mixture upstream of the burner ports is not flammable. This second 
technique has been evaluated experimentally at IGT with mixed, but generally 
favorable, results (as discussed below). 

Contemporary Atmospheric Burners Without Primary Air 

A feasibility investigation was conducted using hydrogen as the fuel for a 
12,000 Btu/hr (natural gas) atmospheric range-top burner. The burner head 
was constructed of stamped aluminum. The outlet pressure of the gas appli- 
cince regulator was factory adjusted to be 6 inches water column (approxi- 
mately 0.217 Ib/sq in.). The only mechanical adjustment to the burner was 
the sealing of the air shutter so that the burner was unable to inject primary 
air by entrainment. The results of the feasibility study were that — 

• The aluminum range-top burner rated at 12,000 Btu/hr (0% primary air, 
100% secondary air) did operate in a cooking situation— i.e. , it heated 
approximately 4 pounds of water in a glass container (coffee pot) from 
approximately 68^ to 212°F. Heat-transfer and energy measurements 
were not taken. 

• The burner-head temperature was warmer to the touch of the investigator 
when hydrogen was used as the fuel than when natural gas was used. 
However, no quantitative measurements were taken. 

The flames appeared to burn within the burner ports. Because flame 
speed is a function of gas temperature and pressure, an increase in gas 
temperature can change the flammability limits of a gas; and, with hydrogen, 
the change can cause the fuel (hydrogen) to burn within the ports. ^ 

The calculated theoretical (adiabatic) flame temperature, for a stoichio- 
metric hydrcgen-air mixture and at an inlet gas temperature of 60°F, consider 
ing dissociation, is approximately 3525°F.*® The flame temperature of a 
hydrogen-air mixture Je, therefore, approximately only 10% higher than the 


330 


INSTITUTE 


0 F 


GAS 


TECHNOLOGY 


8/75 8962 

flame tempevatuve of a natural gas-air mixture, and this difference is prob- 
ably not sufficient to produce a sensible difference. However, if the specific 
flame intensities’ ’' of hydrogen and natural gas at stoichiometric mixtures 
are compared, where 


and 



4. 14 Btu/ s-sq in.'® 


^Nat * 0.646 Btu/s-sq. in.'® 


the specific flame intensity of the hydrogen-air mixture is seen to be 

approximately 600% greater than that of natural gas )• For a gas -air 

mixture burned i^ithout primary air, the mathematical expression for flame 
intensity co|ild be a qualitative indication of the flame-to-burner head heat 
transfer and oi^ the heat available from the flame — thus possibly explaining 
why the burner head felt hotter to the investigator when the fuel was hydrogen. 

Noise was generated upon burner start-up (ignition) and shutdown (extinc- 
tion). The ignition noise was a sharp, cracking sound, whereas the extinction 
noise was s, muffled sound of higher intensity than the ignition noise. On 
extinction of the burner, the noise was due to flashback occurring at a zero 
gas -flow rate. At ignition, the conditions favorable for the generation of 
noise were the Ignition velocity (flame speed) of the hydrogen-air mixture and 
the composition of the mixture itself. There was no noise generated by the 
combustion waves during burner operation. 


Specific flame intensity of a fuel gas can be defined as the rate of heat 
release by the flamp oT this gas when burned in a prescribed burner of 
definite design and at a definite inner-flame -cone height. This can be 
expressed mathematically as^ — 

l^Hv/A (13-15) 

where Y- 

1 = the specific flame intensity (capacity) in Btu/s-sq in. port area 

H = the net h^at^ng value in Btu/cu ft of gas -air mixture issuing from 
the burner In 1 second 

V = the rate of flame propagation of the gas -air mixture in ft/s 

A = the ratl<n of the burner area to the inner-flaj- e- cone area. 
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Emissions From Hydrogen-Fueled Burners 

Currently, the American National Standards Institute (ANSI) has only one 
criterion for combustion pollutants from domestic gas appliances, and that is 


in regard to carbon monoxide. 

The maximum quantities of carbon monoxide 

- 

allowed by ANSI are shown in Table 13-13. 

- 

Table 13-13. ANSI CARBON -MONOXIDE LEVEL RESTRICTIONS 

-- 


Amount of Air-Free 

... 

Appliance 

Carbon Monoxide, ppm 



Ranges 

800 


Refrigerators 

300 


Others 

400 



Because hydrogen contains no carbon, its products of combustion contain 
no carbon monoxide or unburned hydrocarbons. However, laboratory investi- 
gators have shown ^ that an open-flame hydrogen burner proau '«s significantly 
larger quantities of nitrogen oxides than an equivalent tinit burning natural gas. 
Table 13-14 shows the nitrogen-oxides emissions from hydrogen used in an 
atmospheric, open-flame range burner. It should be noted that natural gas 
ixsed in the open-flame burner had nitrogen-oxides emission levels of from 
approximately 80 to 100 ppm. From Table 13-14 it should also be noted that 
there was an increase of approximately 30% in nitrogen oxides emissions 
using secondary air only compared with using hydrogen with primary air 
to fuel the open-flame range burner. 

Table 13-14. NITROGEN -OXIDES EMISSIONS FROM AN OPEN -FLAME 


RANGE BURNER USING HYDROGEN AS FUEL, 

Air Shutter 



Fully Open 

Closed 

Nitrogen Oxides, PPm 

257 

335 

Increase (Maximum) Compared 
With Natural Gas, % 

221 

319 

Increase (Minimum) Compared 
With Natural Gas, % 

157 

235 


Discussion ;.i 

The most serious shortcomings of unmodified burners operated on r ^ 

i 

hydrogen rather than natural gas, with respect to the criteria previously 

listed, will be flashback and noise. Another problem, not related to current 

burner requirements, will be the generation of nitrogen oxides. i i 
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Ther^ doe^ no|; appear to be a simple way to change existing burner heads 
so that fla^hb^ck will not be a problem. Burner ports can be enlarged by 
drilling (as tl^ey were when manufactured gas was replaced by natural gas), 
but reduction of the port size is not possible. The second way of overcoming 
flashback tendencies, which is by eliminating the primary-air supply, seems 
to lead to noise generation in burners (designed for use with natural gas), 
which have a large cayity upstream of the burner ports for gas -air mixing. 

It would appear, then, that the easiest way to convert an existing natural 
gas app^apoe fqr operation with hydrogen would be to design a new burner 
head that cpuld be Installed in the field. Such a burner head could be designed 
to operate without primary air (the burner ports acting as the metering ori- 
fices), and the ainount of gas available for "explosions" upon flame extinction 
could be rninipaized, 

Replacement Burners 

'll >'|l' 

Rurner-Head Port Sizing 

Iji M T i i j ii.i.in I » ■■ .-P — .. 

A standard-sized burner head, 9000 Btu/hr, will pass about 9 cu ft of 
natural gas and 47, 3 pu ft of air per hour. A replacement hydrogen burner 
head, operated without primary air, must pass 27.7 cu ft of hydrogen to 
deliver h^at a^ the same rate. Because the burner ports will be the metering 
orifices, the pressure upstream of the ports will be the distribution line 
pressure (z^bout 7 in. wc). If we assume that eight ports are used per burner 
head (as in Figure 13-15), their size can be calculated from Bernoulli' s 
theorem (Equation 13-2); 

, „ YC(h^/p)0-3 

q (13-16) 

A = 0.000296 sq in. 

corresppind^ng to a diameter of 0,0097 inch. 

' I 

Burney Cpnfiguratlon 

Figure 13t15 a suggested configuration for a hydrogen replacement 
burner for ^ range tpp or an automatic hot-water storage heater. An oven 
burner could be of long cylindrical design. However, because the antici- 
pated sma .1 port ay^as may be prone to clogging by dust particles, a target 
or spider-tjrpq f:pycr may be necessary to prevent blockage of the ports by 
foreign pairticlpSf 
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Burner Construction Material 

Burner construction material would be determined by flame heating tests. 
Figure 13- l6 shows one such method for determining temperature rise and 
heat transfer. The selection of an appropriate construction material would 
be based on a) energy input, b) pressure, c) heat conduction, d) heat radiation, 
e) load distance from the burner, f) heat reflection, g) size, and h) tempera- 
ture rise. 

Burner Ignition 

The conventional gas pilot can be used to ignite the proposed hydrogen 
burner; however, it is more practical, in terms of fuel expenditure and 
air-pollutant control, to use catalytic ignition. 

In catalytic -ignition systems, the initial flow of gas (hydrogen) to the 
appliance passes over a catalyst. The catalyst causes the hydrogen to react 
with the oxygen in the air at room temperature and thereby produces heat. 
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LOAD PRESSURE 



Figuiye prX6. M^JTHOD FOR CONDUCTING HYDROGEN -FLAME 

HEATING TESTS 


The catalyst is su^pprted on a material that heats quickly during the catalytic 
combustipn^ Whpu the surface temperature reaches the autoignition tempera- 
ture of the hydi^ogeii'^e^ir mixture (about 1085°F), a flame is initiated. 


Nqlpe 


The ignitiop noise will not be completely eliminated because of the antici- 
pated conaentratiqn qf hydrogen in the vicinity of the burner ports and the 
ignition^ Thpfe ehpuid be a minimum amount of burner operation noise. The 
extinction noise generated by the hydrogen burner should be less than that 
generated by the contemporary range burner used in our feasibility investiga- 
tion. The redpftipn cpuld be accomplished by a reduction in the available 
volume of hyd^P^Ph Xb the burner head at shutoff — i.e. , the hydrogen burner 
would have Iqpd XhtefY&X volume than the contemporary atmospheric gas- 
appliance bq|rney^ 




The exttnctloTi nolef generated by the contemporary natural gas burner 
operating on hydl^Ogep was found to be objectionable. 
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Appliance regulators maintain a constant input pressure to the appliance, 
regardless of fluctuations in the supply pressure, and thus help to ensure .1 

optimum burner performance. In general, pressure regulators oh domestic 
gas appliances use a vent for air movement from the atmospheric side of the ! 

regulator diaphragm. The working parts of such a domestic appliance regu- 
lator are shown in Figure 13-17, \ 



Figure 13-17. APPJblAJMCE REGULATOR 
(Source: Rockwell Manufacturing Co. ) 

I 

ANSI Standard No. Z21. 18-1969 (Standard for Gas -Appliance Pressure 
Regulators) regarding external leakage would apply to a regulator handling *| 

hydrogen fuel. The leakage performance test uses clean air as the gas. 

However, the area of the vent hole appropriate for natural, manufactured, 
mixed, and LP gas -air mixtures (sp gr of approximately 0, 64,' air = 1) would be 
too large for use with hydrogen. The maximum allowable venting rate, as speci- 
fied in ANSI Z21, 18-1969 for fuel gases of specific gravities approximately | 

equal to 0.64, is 2. 5 cu ft/hr. 

The lower flammability limit for natural gas (at 1 atm) is approximately 
4.9%, by volume, in air.® For hydrogen, the lower flammability limit (at 
1 atm, 72°F) is approximately 4.0%, by volume, in air.^^ If we assume that I 

the flow rate (2.5 cu ft/hr) is such that in a we 11 -ventilated room the lower 
explosion limit (LEL) for natural gas — i.e., 4.9%, by volume — is not j 

reached, the amount of hydrogen (sp gr of 0.07, air = 1} that could be vented 
under these conditions would be approximately 2,0 cu ft/hr. However, 
approximately 7. 0 cu ft of hydrogen per hour would pass through the vent 
sized (restricted) for natural gas. A smaller sized vent, appropriate for 
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hydrogen^ po^ld blocked by foreign particles (dirt). There are. 

however, vents available with check valves that allow free movement of air 
into the u]ppe|r diaphragm chambers, but that restrict the outward flow rate 
of hydrogen to some designated value. Informed opinion^ is that residential 
gas appllanpe regulators designed to regulate natural, manufactured, and 
mixed gapes wpuld accommodate hydrogen without deterioration of the 
diaphragm or other working components. 

Development of Catalytic Appliances 

" I' 

It is possible to design appliances that combust hydrogen through the 
action of a cat^l)^Stf 4^splte the fact that efforts to develop similar burners 
for methans have been unsuccessful. 

Catal/tto pombustion takes place on an active surface. Because the 
surface ijs a participant in the chemical-reaction sequence of combustion, 
the "energy bs^rrieJf" between the reactants and products of combustion can 
sometimes be reduced. This allows the reactions to take place at tempera - 
turep below thpfp characteristic of flames. 

Research and development on catalytic appliances is under way at 
Billings Energy Research Corp. , Provo, Utah, under the sponsorship of the 
Mountain Fuel Supply Co.,* and at the Institute of Gas Technology, under the 
sponsorship of Southern California Gas Co.*"' Billings Energy Research Corp. 
recently conveyte^ tbs popking appliances in a Winnebago motor home to cata- 
lytic hydrogpn combustion. The research at IGT is concerned with the devel- 
opment of catalytic ranges, water heaters, and space heaters. Catalytic- 
igniter research^ by several gas utility companies, is also under 

way at IC)T, 

There are differing approaches to the design of hydrogen-fueled cata- 
lytic appRancoSy Qpe is to design for pure catalytic combustion, wherein all 
combusttop tsk^^ playe through the action of a very active catalyst. The 
other is to qye s flame to heat and assist a less active catalyst. 

Low-Tpmpprature Catalytic Appliances 

ff P -' n i Fn ■ j I ■*'" " 

When catalysed by noble metals, hydrogen combustion in air can begin at 
room temperature^ Heat is released as the hydrogen burns, thus raising the 
temperature Jthp patalyst and substrate; but combustion can be maintained 
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at comparatively low (surface) temperatures. Most other common fuels 
must be heated to moderately high temperatures before they will begin to com- 
bust catalytically. 

A low-temperature catalytic burner must maintain a steady rate of heat 
release to the load or to the environment so that it does not provide an ignition 
source for a flame. As was presented in the last section, it is quite possible 
to make catalytic igniters 'in which the combustion on the catalytic surface 
heats the catalyst to a temperature above the autoignition temperature of the 
mixture, thus initiating flame -type combustion. Stable catalytic combustion 
can be maintained if any of the three following criteria are met: 

1. The laminar flow velocity of the hydrogen-air mixture over the catalyst 
is greater than the flame velocity of hydrogen. If this is true a flame 
cannot propagate away from the catalyst. This approach has been 
tested experimentally and was found to be impractical. 

2. The composition of the hydrogen-air mixture passed over the catalyst 
places the mixture beyond the limits of flammability. This approach is 
impractical if the mixture is fuel rich because it implies that unburned 
hydrogen will be vented by the appliance. Results of experiments with 
mixtures that are less than 4% hydrogen (fuel lean) have not been prom- 
ising.^ 

3. No points on the surface of the catalyst ever reach the autoignition temper- 
ature of hydrogen-air mixtures (108 5°F), This implies that a balance 
between the heat transferred away from the surface and the heat released 
by the combustion of incoming hydrogen is struck at a lower temperature. 

Experiments at IGT have shown the third method to be the most practical.*’ 
Stable and complete catalytic combustion has been maintained in burner con- 
figurations at temperatures as low as 400°F (the surface temperature as 
determined by thermocouple measurements). 

High- Temperature Catalytic Burners 


At elevated temperatures, some materials that are not active catalysts 
for hydrogen combustion at low temperatures become active. Examples of 
such materials are iron and steel. Exploitation of this property by Billings 
Energy Research Corp. has resulted in a hybrid, flame-assisted catalytic 
burner. The configuration of this burner is shown in Figure 13-18. 

During operation, the flame -as sis ted catalytic burner must be activated 
by an outside ignition source, such as a glow coil or a pilot light. At first. 
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Figure 13-18. CD1)I FIG UR AXIOM OF BILLINGS ENERGY RESEARCH CORP. 

FLAME -ASSISTED CATALYTIC BURNER^ 

all combuptipn takes place in the flame; but as the flame heats the catalytic 
surface, proportionately more and more combustion takes place through the 
action of the catalyst. 

Advantages of Catalytic Combustion 

It should be noted that the designing of catalytic burners is not an exact 
science, end a great deal of development work must be done before such 
devices c^n be npai^keted. The incentives for undertaking such programs 
are clear from the results of the first experiments performed on early burner 
models, pataly^lc appliances can be significantly more efficient than flame 
burners and can virtually reduce emissions to zero. 

When catalytic combustion takes place at temperatures below 1500°F, 
the formation of nitrogen oxides is, for all practical purposes, eliminated. 
Because no carbon monoxide is formed during hydrogen-air combustion, the 
only product of combustion is water vapor. Laboratory results of nitrogen 
oxides eipissiQna from two low-temperature catalytic appliances and from 
four high-temperature catalytic burners are shown in Table 13-15. 

The data for low-temperature catalytic appliances are reported on an 
air-free basis, as were the measurements by the American Gas Association 
Laboratories repprte^ in the previous section. This means that the measured 
concentrations are S’djusted to exclude the dilution effect of excess air. With 
excess air, the nitrogen oxides concentrations would be even lower. The 
experimental apparatus for making such measurements is shown in Figure 
13-19. Because Reference 6 does not specify whether or not the quoted 
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Table 13-15, NITROGEN -OXIDES EMISSIONS FROM SEVERAL 

CATALYTIC APPLIANCES 


Burner Type 


Low- Temperature Catalytic'7 Chimney 

Vertical fin 


High- Temperature Catalytic^ 


Nitrogen 
Oxides, ppm 

0.08 

0.03 


Standard A1 range 
Stainless steel, experimental 
A1 oven/broiler 
Cast iron 


Reported on an air-free basis. 


TO GAS 
ANALYZER 


jaUARTZ SAMPLE 
PROBE 


QUARTZ BELL MR 
'FOR COLLECTtON HOOD 


-WET TEST METER 


THREE QUARTZ LEGS 
TO SUPPORT HOOD' 
2 ia ABOVE TABLE TOP 


o 


FUEL SUPPLY 


'BURNER 


A- 14* 1 35 


Figure 13-19. BURNER -EMISSION -TESTING SETUP 

results are on an air-free basis, it is assumed that they are measured con- 
centrations that are diluted by an undetermined amount of excess air. 

The nitrogen-oxides production levels reported for the low-temperature 
catalytic space heaters are on about the same order of magnitude as the 
nitrogen-oxides levels found in ambient air. Thus it should be possible to 
build space heaters and other appliances that are ventless. In present-day 
furnaces, about 30% of the chemical energy in the fuel is lost when the coro- 
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bustion produfcts are vented through chimneys. Therefore, ventless appliances 
could potentially operate much more efficiently than present-day appliances. 

At IGT, under oertalp Intermittent operating conditions, second-generation, 
experimental catalytic water heaters have had measured efficiencies of 
greater than 80% , ba^ed on that portion of the high heating value of hydrogen 
that is transferred to the water. 

Prelimlnaify calculations indicate that the water formed as a combustion 
product In yenfeless space heating may or may not be a problem, depending 
on the tolerable humidity level and the frequency of air changes in specific 
houses. Theye Is also the possibility with some appliances (water heaters, 
lor example) of instiling condensing units to trap combustion-produced water 
vapor. These trapp would then permit full utilization, by the appliance, of 
the higher heating value of the hydrogen burned, and they would provide a 
supply of relatively pure water. 

Cost of Catalytic Appliances 

The cost of high-tempera cure catalytic appliances should not be signifi- 
cantly highef than that of standard appliances because the only addition is a 
stainless'^^teel pad, Although low-temperature catalytic appliances make 
use of e^pcn^ive lyxetals (such as platinum), the catalyst-loading levels are so 
low that the appliance price should not increase significantly. (Preliminary 
estimates ayr that only about IQ^/lOOO Btu-hr would be attributable to the 
catalyst material. ) From Table 13-3, the estimated peak-day natural gas 
requirements for a iZOO-sq-ft house is about 1. 5 million Btu. The release 
of this much energy by the catalytic combustion of hydrogen would then 
require an investment of only $ 12 attributable to platinum catalyst material. 
This figure l^ conservative (high) because ventless catalytic burners will be 
more energy ^han standard burners and because low-temperature 

appliances need pilot lights. 
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14. HYDROGEN A FEEDSTOCK FOR SYNTHETIC FUEL PROCESSES ^ 

T. D. Donakow^ki and J. Gilli's 

From the conclusions presented in the previous sections^ it should be clear 
that hydrogen will be an expensive commodity and as such will not find much 
use as a fuel in the immediate future, but will be a valuable chemical feedstock. 
We have reviewed some of the ways present-day industries could use feedstock 
hydrogen, but have not yet commented on an industry, developing in the 
mid to long term, that has the potential to become a large market for 
feedstock hydrogen — the synthesis of clean fuels from coal and oil shale. 

The fundamental objective of all coal- based synthetic fuels processes 
is to turn a low hydrogen- content fuel (coal) into high hydrogen- content fuels 
(oils, methanol, and methane). Hydrogen is currently produced from coal 
daring these processes; in some processes, a great deal of the input coal 
(in the methanol process, about half) is used for hydrogen production. 

At present, onsite hydrogen production from coal is the cheapest process 
available. However, coal is an exhaustible resource, the price of which 
will surely rise in the long term. There are possible sources of hydrogen 
that are tied to renewable or extremely large energy sources (solar or 
nuclear), which are not likely to rise as much in cosf aa fossil fuels in the 
long term. Thus, it seems likely that at some point in the future it will be 
economically advantageous to reserve as much coal as possible for 
synthetic -fuels production and to utilise some "outside" source of hydrogen. 

We have investigated this possibility during the course of this study. 

We have focused our attention on "retrofitting" developed synthetic -fuels 
processes to accept outside hydrogen because the synthetic- fuels industry 
is likely to be well established, with great investments in process- plant 
equipment, before outside hydrogen becomes economically attractive. 

Coal Conversion to Substitute Natural Gas 

». .. ,, , , «■> >p I n > m mi mil i li 

Coal has a molecular hydrogen-to- carbon ratio of about 0.8, but in 
methane the hydrogen- to- carbon ratio is 4. Thus, coal- to- substitute natural 
gas (SNG) processes are really "hydrogen- addition" processes. 
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Many processes have been proposed for the conversion of coal to SNG. 
They employ a gasifier -reactor to produce a combination of carbon monoxide, 
hydrogen, and methane in one or more stages. The principal chemical 
reactions taking place in the gasifier are — 

C + HgO ^ CO + Ha 
' C + 2Ha-» CH 4 

A portion of the carbon monoxide in the gasifier product stream is often used 
to produce hydrogen in a "shift" reactor by the reaction — 

CO + HaO-^Cpa + Ha 

The carbon dicncide is then removed; and after final purification, the remaining 
hydrogen, carbon monckide, and methane is sent to a "methanation" reactor. 
There the carbon monoxide and hydrogen are reacted to form more methane; 

CO + 3Ha ^ CH 4 + HaO 

and the product gas has a higher heating value, about 950 Btu/SCF. 

The "generalized" SNG process is shown in Figure 14-1. 



Figure 14-1. GENERALIZED SNG PROCESS 
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Almost all o| the proposed SNG processes are of the general form presented 
in Figure 14'- !• The differences in the processes are to be found in the approach 
to the first step ^ the gasifier. For convenience, we will divide SNG processes 
into groups aq^ording to the type of gasifiers they utilize: single-stage gasifiers, 
multistage hydrogasifiers, and other gasifiers. 

The Lurgi and Hoppers -Totzek SNG Processes are examples those that 
utilize single-stage gasification. However, the two gasifiers involved are of 
quite different designs and operate at different conditions. The Lurgi gasifier 
typically requires noncaking coal and operates at from 350 to 450 psi and at 
1150^ to 1400 °F, producing a significant amount of methane as well as light 
hydrocarbon byproducts. ® The Hoppers- Totzek gasifier works with both 
caking and nencaklng coals, but operates at near-atmospheric pressure and 
reaches much higher temperatures (up to 3300 °F). The high temperature 
precludes formation of any light hydrocarbons and ensures complete gasification 
of almost all of the carbon matter. ^ 

In both processes the synthesis gas is formed via the steam-coal reaction: 

C + HjO + heat -» CO + 

Water is added, ip ex-ess, to both gasifiers to partially oxidize the carbon 
in the coal, to serve as a source, of hydrogen itself, and to act as a tempera- 
ture moderator for the reactor. Some of the water is eventually used to 
generate more hydrcgen in the shift reactor. 

Heat for the steam-coal reaction is provided by combusting part of the 
coal with oxygen. High-purity oxygen is used to prevent dilution of the pro- 
duct stream with the nitrogen present in air. 

As the namo implies, multistage hydrogasifiers are those that involve 
two or mere stages, in one or more vessels, in gasifying coal. (See Figure 
14-2.) In general, the initial stage devolatilizes the coal and forms methane 
or synthesis gas- Greater heating efficiency can be obtained by the direct 
formation of meihape in the gasifier. Heat from the me thane- formi.ng reactions 
can then be more effectively absorbed in situ to expedite the steam-coal 
reaction apd to devolatilize the coal. The methane reactions are — 

C + 2Hz CHj + heat 
GO + 3 H 2 -► CH 4 + H 2 O + heat 
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The steam«coal reation is ~- 

C + H 2 O + heat -* CO + 

The hydrogen required for the hydrogasification step is produced in the 
final stage of the gasifier by the partial oxidation of char to form a hydrogen- 
rich synthesis gas. 

Having thus produced a raw gas, the stream is cooled; shifted, if necessary, 
to increase the hydrogen/carbon monoxide ratio to that required for methanation; 
purified of carbon dioxide and hydrogen sulfide; and, finally# methanated to 
reduce the carbon monoxide content and to yield the SNG product. 

The other gasification process schemes utilize novel features in their 
coal-gasification steps. The ATtlAS Process uses molten iron to gasify the 
coal and to produce a carbon monoxide- rich synthesis gas that contains no 
methane. Because no methane is produced in the gasifier, a considerable 
amount of carbon monoxide must be shifted to obtain hydrogen for eventual 
synthesis to methane. The Kellogg Process uses a molten salt (sodium carbonate) 
as the medium for coal gasification. The salt catalyzes the steam-coal reaction 
and also acts as a good heat-transfer agent. The synthesis gas is shifted to produce 
the proper composition for methanation. Another special gasification method 
is the COg Acceptor Process. Coal is gasified in a two stage reactor, with 
the required process heat supplied by the exothermic reaction of carbon dioxide 
with calcium oxide, forming calcium carbonate. Enough hydrogen is produced 
in the gasifier from the steam-coal reaction so that a shift reaction prior 
to methanation is not required.® Gasifier operating conditions and R& D 
statuses for SNG production are summarized in Table 14-1. 

The water-gas shift reaction is an important step in almost all gasi- 
fication processes. The reaction is required to increase the hydrogen/ 
carbon monoxide ratio to that necessary for methanation, about 3. 6; 1. The 
shift reaction is — 

CO + H 2 O-+ CO 2 + H; + heat 

It consumes water, reducing it to hydrogen and oxygen and oxidizing the 
carbon monoxide produced from coal to carbon dioxide. The carbon 
dioxide is more difficult to convert to methane and is scrubbed from the 
system, along with hydrogen sulfides prior to methanation. The carbon 
in the carbon dioxide was originally present in the coal, so that by removing 
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Table 14- 1 . COAL-TO-SUBSTITUTE 



Process 

Gasifier Conditions 

CA 

Single-stage gasifiers 



Kopper s- Totzek^ 

Any type coal, 2700^F, atmo- 



spheric pressure 

c 

Eurgi^' 

Noncaking coal, 1300°F 400 ps 

-1 



m 




Multistage hydrogasifiers 


o 

BI-GAS^»^" 

'First stage, 2700®F; second 
stage, 1700°F; 1000 psi 
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Hydrane*®*^® 

Direct reaction with hydrogen, 
1650®F, 1000 psi 

HYGAS^ 

Direct reaction with hydrogen; 
first stage, 12 50®F; second 
stage, 1750®F; 1000 psi 

H 

Synthane^® • 

180 0®F, 1000 psi 

m 

n 

Special gasifiers 


X 

ATGAS^® 

Reaction in bath of molten iron 


2500*^F, near atmospheric 
pressure 


n COz Acceptor^^'^® No oxygen required, 1500^F, 

O 150 psi 

o 

^ Kellogg Molten Salt^® Bath of molten sodium carbonate 

1700®F, 1200 psi 



GAS PROCESSES 


R£D Status 


16 plants in operation, methanation 
step not demonstrated 

58 plants have been constructed 
since 1936; methanation step not 
demonstrated; commercial design, 
including methanation, completed 
by Fluor Engineering 

120 tons of coal/day pilot plant 
scheduled for completion fall 1975 

lO pounds of coal/hr pilot plant has 
been operated, design of 24 tons /day 
pilot plant under way 

75 tons of coal/day pilot plant in 
operation since 1971 

75 tons of coal/day pilot plant 
essentially completed and operations 
starting 

Bench- scale studies completed 


30 tons of coal/day pilot plant in 
operation, methanation step in 
start-up 

Bench- scale testing 
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2 tnd venting the carbon dioxide from the systemo a great deal of raw- material 
carbon is lost. 


The final step in producing the methane for use as pipeline gas is the 
catalytic combination of carboti monoxide and hydrogen to form methane and 
water by the methanation reaction — 

CO + 3H2 CH4 + HjO 

This reaction has only recently been tested on a commercial scale with the 
carbon monoxide concentrations as high as is typically expected. 


Methanation is used in some chemical processes today (e. g. , in ammonia 
synthesis), but only in applications in which the me thane -forming reactants 
(carbon monoxide, carbon dioxide and hydrogen) are diluted with large 
concentrations of nonparticipating gases. Methanation of gas streams in 
which essentially all incoming gases participate in the reactions is still 
under development. The main difficulty is the removal of the large quantities 
of heat released in the catalytic reactor by methane formation. An alumina- 
supported nickel catalyst is usually designed to operate in a temperature range 
of from 500® to 6S0®F, so adequate temperature control within the reactor is 
essential. The catalyst is also sensitive to sulfur poisoning. Sulfur depositions 
of 0. 15% (by weight) are detrimental, so adequate hydrogen sulfide removal 
upstream is mandatory. Although the methanation step is the least-proved 
commercial technology in SNG production from coal, excellent progress has 
been made in small-scale methanation catalysts for refineries;^ and a total, 
commercial coal-to-SN£» plant should be fully realized in just a few years. 
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The generalized coal-to-SNG process (Figure 14-1) could be modified 
in two places to utilize outside hydrogen in the gasifier and in the shift reactor. 


■i 

I 


In processes using single-stage gasifiers, hydrogen is produced in the 
gasifier from steam. ^ In order to use hydrogen in the gasifier directly, an 
entirely new reactor design would most likely be necessary — a project outside 
the scope of this study. With hydrogasifiers, however, a reducing gas 
composed of hydrogen and carbon monoxide is used as input to the gasifier. 

This could be replaced with hydrogen. The use of rather pure hydrogen 
in the process allows for smaller volume flows compared with hydrogen- rich 
streams containing significant amounts of carbon monoxide and carbon dioxide. 
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The realization of smaller gas volumes allows for the use of smaller scale 
reactors and accompanying equipment. A flow diagram for conventional 
and modified hydrogasifiers is shown in Figure 14~2. The material balances 
around the gasifiers for a HYGAS® and a Hydrane Process, shown in 
Tables 14-2 and 14-3, indicate that the modified hydrogasifiera would use 
1.1 to 1,5 SCF of outside hydrogen per SCF of SNG produced. Sufficient 
information for calculation on BI-GAS and Synthane Processes was not 
available; but, due to process similarity, hydrogen usage should fall within 
the same range as that calculated for the other hydrogasifiers. 

In most coal-to-SNG processes a shift step is necessary before methana- 
tion. Here a stream of outside hydrogen could be directly added to accomplish 
the required increase in the hydrogen/ carbon monoxide ratio; and, by so doing, 
the entire shift reactor and its catalyst could be eliminated. No carbon 
monoxide is shifted to produce hydrogen, so more is available for eventual 
conversion to methane, thereby increasing the product yield per amount 
of coal fed. With less carbon dioxide now in the process stream, the 
separation requirements are less severe. Process water requirements can 
also be reduced because water is not consumed by a shift reaction. (This 
could be accomplished by small reductions in the amount of steam injected 
to the gasifier.) In general, the addition of outside hydrogen to perform the 
hydrogen enrichment now accomplished by a shift reaction results in a much 
simpler operation with more effective coal utilization in forming product 
SNG. 

The abovementioned modification was made to a Liurgi Process, which 
was then compared with the conventional scheme, (Figure 14-3 is the flow 
diagram). A material balance around the shift reactor is presented in 
Table 14-4 and shows that about I SCF of hydrogen can be used per SCF 
of SNG- output from the modified process, A Koppers-Totzek Process 
was similarly modified to eliminate the shift step by using outside hydrogen, 

A material balance around the conventional shift step is presented in 
Table 14-5. Using a Koppers-Totzek gasification process the idealized 
hydrogen usage is about 2.4 times the volume of the SNG produced. This 
requirement is higher than that for a Liurgi process because virtually no 
methane is formed inside the Koppers-Totzek gasifier, but is produced 
indirectly by reacting the comparatively larger amount of carbon monoxide. 
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Table 14-2. TYPICAL INPUT AND OUTPUT OF GASEOUS STREAMS IN 
FINAL STAGE OF THE HYDROGASIFIER -REACT OR, HYGAS® 

COAL-TO-SNG PROCESS^* 

(Hydrogen by Steam- Iron Process, 250 Million SC F/ Day) 

Hydrogen-Rich Gas Feed Gasifier Effluent 


Component Vol % (Dry) 


Carbon Monoxide 

0 

12.6 

Hydrogen 

100 

51.6 

Carbon Dioxide 

0 

9.2 

Methane 

0 

23.7 

Hydrogen Sulfide 

0 

1.7 

Ethane 

0 

0.8 

Other 

0 

0.4 

Total 

loo 

100.0 

10* SCF/DAY 

279 

355 


Amount of Externally Generated Hydrogen Used in Process — 

1.0 X 279 X 10^ SCF = 279 X 10^ SCF 

Volumetric Ratio of Outside Hydrogen to SNG — 

279 X lO'^ _ 1 , „„ 

250 X '^ g - 1.1, or 110% 
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Table 14^3, TYPICAL INPUT AND OUTPUT OF GASEOUS STREAMS IN 
GASIFIER ..REACT OR, HYDRANE COAL-TO-SNG PROCESS^ 
(250 Million SCF/Day) 


Hydrogen-Rich Gas Feed Gasifier Effluent 


Component 
Carbon Mon<oide 

0 

Vol % (Dry) 

3.9 

Hydrogen 

lOQ 

22.9 

Carbon Dtoadde 

0 

0 

Methane 

0 

73.2 

Total 

100 

100.0 

10^ SCF/Day 

365 

283 


Amount of Externally Generated Hydrogen Used in Process 


1.0 X 365 X 10* SCF/Day = 365 X 10^ SCF/Day 


Volumetri^ Ratio of Outside Hydrogen to SNG — 


365 X 10^ 
250 X 10“ 


1.5, or 150% 
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Table 14-4. TYPICAL INPUT AND OUTPUT OF A CARBON MONOXIDE 
SHIFT REACTOR, LURGI COAL-TO-SNG PROCESS^ 

(250 Million SC F /Day) 



Reactor Feed 

Reactor Effluent 

4 

Component 



■ ¥ 


V oi /o ^ury; 

■; 1 

i 

Carbon Monoxide 

19.6 

3.9 

^ i 

Hydrogen 

38.8 

46.8 


Carbon Dioxide 

28.9 

38. 2 

«a. * 

Methane 

11. 1 

9.6 

"r 

Hydrogen Sulfide 

0.3 

0.3 

’j 

Ethylene 

0.4 

0.4 


Ethane 

0 . 6 

0.5 

V 

Nitrogen and Argon 

0.3 

0.3 

a 

Total 

100.0 

100.0 


10* SCF/Day 

430 

490 



Amount of Carbon Monoxide Shifted to Produce Hydrogen — 

0.196 X 430 (In) - 0.039 X 490 X 10^ (Out) = 65 X 10* SCF/Day 
If No Shift Is Performed — 

Amount of Hydrogen Required to Replace Shifted 

Carbon Monoxide “ 65 X 10* SCF/Day 


Additional Hydrogen Required to React "With 
Additional Carbon Monoxide to Form 

Methane = 3. 7 X 65 X 10* = 240 X 10* SCF/Day 

Total Hydrogen Required 30 5 X 10* SCF /Day 

Additional Methane Produced (Equals Carbon Monoxide Not Shifted) 

= 65 X 10* SCF/Day 


Volumetric Ratio of Outside Hydrogen to SNG 


305 X 10* 
(250 + 65) X io* 


0.97 


354 


Ih 






INSTITUTE 


0 F 


GAS 


TECHNOL OGY 




8/75 


8962 


Table 14-5. TYPICAL INPUT AND OUTPUT OF A CARBON MONOXIDE 
SHIFT REACTOR, KOPPERS-TOTZEK COAL-TO-SNG PROCESS’ 

(250 MUlion SCF/Day) 


Component 

Carbon Monoxide 
Hydrogen 
Carbon Dioxide 
Methane 
Nitrogen 

Total 


Reactor Feed 

55.9 

37.4 

6.0 

0.0 

0.7 

100,0 


Vol % (Dry) 


Reactor Effluent 


17. 5 


52.8 

29.1 


100.0 


10* SCF/Day 


1030 


Amount of Carbon Monoxide Shifted to Produce Hydrogen — 

0.559 X 1030 X 10* SCF/Day (in) - 0. 175 X 1370 X 10* SCF/Day (Out) 

= 336 X 10* SCF/Day 

If No Shift Is Performed — 


Amount of Hydrogen Required to Replace Shifted 
Carbon Monoxide 

Additional Hydrogen Required to React With 
Additional Carbon Monoxide to Form 
Methane = 3. 1 X 336 X 10* 

Total Hydrogen Required 


336 X 10* SCF/Day 


= 1040 X 10* SCF/Day 
1376 X 10* SCF/Day 


Additional Methane Produced (Equals Carbon Monoxide Not Shifted) 

= 336 X 10* SCF/Day 


Volumetric Ratio of Outside Hydrogen to SNG 

1376 X 10* 

~ (250 + 336) X 10* 


= 2.4 


N S T I T U T E 


0 F 


GAS 


TECHNOLOGY 




8/75 8962 

which must be present in the synthesis gas, with the much larger amounts of 
hydrogen in the methanation reactor. 


The special gasification processes can similarly be modified to use an 
outside source of hydrogen, thus eliminating the carbon monoxide shift step. 
The ATGAS Molten -Iron Process produces a carbon monoxide -rich synthesis 
gas that contains no methane. A considerable amount of carbon monoxide 
must be shifted to obtain the hydrogen required for methanation. When the 
shift reactor is removed, the process hydrogen requirement is high, about 
2.7 times the volume of the SNG produced. (See Table 14-6.) The COj 
Acceptor Process produces sufficient hydrogen internally, due in part to 
the in situ removal of carbon dioxide by chemical reaction, so that a shifting 
step is not required. ^ Because of the basic design, then, this process 
cannot be practically modified to the use of an outside source of hydrogen. 

Coal Conversion to Low-Btu Gas 

Coal may also be converted to a clean -burning, low -heat-content gas 
(150 to 300 Btu/SCF). By gasifying the coal, sulfur is more easily removed 
(as hydrogen sulfide); and the fuel burns cleaner. Low-Btu gas is produced 
by using air instead of oxygen in any primary coal gasifier. This eliminates 
the costly production of oxygen by air separation. The product stream then 
contains nitrogen, which lowers its heating value and makes long-distance 
transportation of the gas uneconomical. Hydrogen Is produced within the 
process stream, along with carbon monoxide and some methane. With a 
lower heating value per volume than SNG, compression and transportation, 
by pipeline, of the low-Btu gas is not economical; so onsite use is preferred. 
The electric power industry is envisioned as the principal consumer of such 
gas. Many of the low-Btu processes, such as Westinghouse' s Clean 

TM 

Power Gas and IGT* s U-GAS, are designed to be part of a combined 

gas -steam turbine cycle for an efficient and low-polluting electric generating 
plant. A brief description and the status of various processes are 

presented in Table 14-7. 

The low-Btu gas is produced by using air to oxidize the coal, providing 
heat and forming the synthesis gas, w'ith the accompanying inert nitrogen 
acting as a diluent and reducing the heat content. The sulfur (as hydrogen 
sulfide) and particulates are removed to obtain the low-Btu product, A shift 
reaction is not performed. 
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Table 14-6. TYPICAL INPUT AND OUTPUT OF A CARBON MONOXIDE 
SHIFT REACTOR, ATGAS COAL-TO-SNG PROCESS^’ 

(250 Million SCF/Day) 


Reactor Feed 


Reactor Effluent 


Component 


Vol % (Dry) 


Carbon Monoxide 65 16 

Hydrogen 35 54 

Cax'bon Dioxide 0 30 

Methane 0 0 

Hydrogen Sulfide 0_ 0 

Total loo loo 

10^ SCF/Day 1030 1460 

Amount of Carbon Monoxide Shifted to Produce Hydrogen — 

0.65 X 1030 X 10^ SCF/Day (In) - 0. 16 X 1460 X 10* SCF/Day (Out) 

= 436 X 10* SCF/Day 

If No Shift le Performed — 


Amount of Hydrogen Required to Replace Shifted 
Carbon Monoxide 

Additional Hydrogen Required to React With 
Additional Carbon Monoxide To Form 
Methane = 3.3 X 436 X 10* 

Total Hydrogen Required 


= 436 X 10* SCF/Day 


= 1439 X 10* SCF/Day 
1875 X 10* SCF/Day 


Additional Methane Produced (Equals Carbon Monoxide Not Shifted) 

= 436 X 10* SCF/Day 


Volumetric Ratio of Outside Hydrogen to SNG 

1875 X 10* 

" (250 + 436) X I'O^ 


= 2.7 
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Table 14-7. PROCESSES FOR CONVERSION OF COAL TO LOW-BTU GAS 


Process 


Gasifier Conditions 


R&D Status 


Koppers-Totzek^ 

Any type coal, 2700®F, atmo- 
spheric pressure 

16 plants in operation 


Lurgi^* 15 

Noncaking coal, 1300®F, 400 psi 

58 plants constructed since 1936 


ATGAS^^ 

Reaction in molten iron, 2500®F, 
near atmospheric pressure 

Bench- scale studies completed 


Synthane^®» 

1800°F, 300 psi 

75 tons of coal/day pilot plant to 
produce SNG essentially completed 
and operations starting 


U-GAS™® 

1900®F, 300 psi 

High temperature (800®F) sulfur 
removal (i.e. , hydrogen sulfide 
and carbonyl sulfide) not demon- 
strated 


Westinghoase Clean 
Power Gas^^ 

2100®F, 150-225 psi 

1/2 ton of coal/day process develop- 
ment unit constructed and should 
have started operation early this 
year 


Winkler^® 

1500®-1800®F, atmospheric 
pressure 

16 plants constructed since 1926 



i'M L' Li' xj ^ j 
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liOw^Btu-gasification schemes, as currently conceived then, are not amenable 
to an outside source of hydrogen and would not be able to use any directly in 
the process. 

Coal Conversion to Methanol 

Coal can be converted to methanol by first forming a synthesis gas (carbon 
monoxide and hydrogen) via the coal-water reaction — 

C 4- HjO CO + Hz 

\ 

The gas is then shifted to increase the ratio of hydrogen to carbon monoxide. 

The gas stream is purified, compressed, and converted to alcohol in a 
catalytic methanol- synthesis reactor. The methanol conversion is — 

CO + ZHi-^ CH 3 OH 
COj + 3Hz ^ CH 3 OH f HjO 

All steps in the process involve current commercial technology, but nearly all 
synthesis gas for methanol conversion is now made by reforming natural gas 
because feedstock has been inexpensive. The reforming reaction is — 

CH 4 + HjO-^CO f 3Hz 

In coal-based methanol synthesis, a convenient gasification is the Koppers- 
Totaek Process because minimal methane and tar byproducts are formed. 

The resulting synthesis gas is shifted to provide a molecular hydrogen/( carbon 
monoxide and 1. 5 carbon dioxide) ratio of Z.05;l„ Table 14-8 summarizes 
the development status of methanol-synthesis processes. 

Outside hydrogen could be used to enrich the stream, thereby eliminating 
the shifting step and increasing the amount of carbon monoxide available for 
conversion to methanol. Figure 14-4 shows such a process. The increase in 
product is substantial and would more than double the amount of alcohol 
produced from a ton of coal. This modified process is capable of using 
42, 000 SCF of outside hydrogen per ton of methanol produced. (See Table 14-9.) 
The hydrogen-rich synthesis gas stream is then sent to a pressurized catalytic 
reactor for conversion to methanol. About 91i% of the additional carbon 
monoxide can be converted to product methanol. (Losses occur because 
of purging of unreacted carbon monoxide and some methanol.) 
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Table 14-8. COAL-TO-METHANOL PROCESSES 
Conditions 


Gasification step 

Kopper s - Totzek^ 


Any type coal, 2700°F, atmo- 
spheric pressure 


Lurgi^»^® 

Methanol conversion step^^ 


Noncaking coal, 1300**F, 400 psi 


Imperial Chemical 
Industries Ltd. (Low 
Pressure) 


480’’-570“F, 1500 psi 


Nissui-Topsoe 
(Medium Pressure) 


Japan Gas Chemical 
Co. (High Pressure) 


460°-450®F, 2300 psi 
4300 psi 


None of these plants currently manufacture methanol. 


RaP Status 


16 plants in operation 
58 plants constructed since 1936 


psi 

Current commercial process 

psi 

Current commercial process 


Current commercial process 


X. 


r ' ! » • • * * 
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Figure 14-4. METHANOL PRODUCTION 

(Koppers-Totzek Gasification and Imperial Chemical Industries Ltd. Conversion Processes) 
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Table 14-9. TYPICAL INPUT AND OUTPUT OF A CARBON MONOXIDE 
SHIFT REACTOR, KOPPERS-TOTZEK AND IMPERIAL CHEMICA ,. 
INDUSTRIES COAL-TO-METHANOL PROCESSES^^ 

(5000 Tons /Day) 


Reactor Feed Reactor Effluent 


Component - Vol % (Dry) 


Carbon Monoxide 

56. 1 

17.1 

Hydrogen 

33. 2 

50.0 

Carbon Dioxide 

8. 3 

31.3 

Methane 

0. 1 

0. 1 

Hydrogen Sulfide 

1.2 

0.9 

Other 

1.1 

0.6 

Total 

100.0 

100.0 

10* SCF/Day 

446 

598 


Amount of Carbon Monoxide Shifted to Produce Hydrogen — 

0.561 X 446 X 10* SCF/Day (In) - 0. 171 X 698 X 10* SCF/Day (Out) 

= 148 X 10* SCF/Day 


If No -ift Is Performed — 

Amount of Hydrogen Required to Replace 
Shifted Carbon Monoxide 

Additional Hydrogen Required to React With 
Additional Carbon Monoxide to Form 
Methanol = 2.05 X 148 X 10* SCF/Day 

Total Hydrogen Required 


= 148 X 10* SCF/Day 


= 303 X 10* SCF/Day 
451 X 10* SCF/Day 


Additional Methanol Produced = 148 X 10* SCF of Carbon Monoxide /Day -r 
380 SCF/lb-mol X 32 lb of Methanol /lb -mol ~ 2000 Ib/Ton X 0.92 


Conversion Factor = 5700 Tons /Day 


Volumetric Ratio of Outside Hydrogen to Methanol 

= 451 X 10* SCF/Day -f (5000 + 5700) Tons /Day 
= 42,000 SCF/Ton 
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Coal Conversion to Liquid Hydrocarbons 


Coal can be transformed to conventional liquid products, such as gasoline, 
distillate fuels, and fuel oil, by many processes » Substantial restructuring 
of coal takes place, and most of the pyritic sulfur and mineral matter is 
removed^ The three routes by which coal may be liquified as shown in 
Figure 14-5, 


7100 

TONS 

COAL 

STEAM 

0 , 


7100 

TONS 

COAL 

STEAM 



(Modified for Outside Hydrogen Use) 


5000 TONS 
METHANOL 



10^700 TONS 

methanol 




Figure 14-5. PRODUCTION ROUTES: CliEAN FUELS FROM COAL 

Coal liquids can be made indirectly by gasifying the coal, converting the 
gas to a rich synthesis gas (carbon monoxide and hydrogen), and catalytically 
recombining the carbon oxides and hydrogen to form light oils. Reactors 
are operated at pressures from 200 to 400 psi and at temperatures from 
430° to 625 °F. Various amounts of gas and light liquids can be generated 
by operating under different conditions of conversion severity (e.g., varying 
catalyst activity or tailgas recycle rate), This was the first technology 
(Fischer-Tropsch) developed for making liquid hydrocarbons from coal, and 
it was used in Germany during World War II. 
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In pyrolysis processes, coal is heated to break up polymeric carbon 
rings in the coal and to drive out all volatile components, which are collected, 
condensed, and separated into gas and oil. The raw oil is further hydro- 
treated to produce a synthetic crude oil produrt. Various amounts of fuel 
gas and char substance are usually produced. ^ 

Coal can also be converted to liquid hydrocarbons by using a hydro- 
genation, or dissolution, process* Coal is slurried with a process -derived 
oil, heated to temperatures from 700 ® to 900 ®F, and allowed to react. A 
hydrogen makeup atmosphere may be present at pressures from 400 to 4000 psi. 
The coal dissolves and breaks up into lighter hydrocarbon fragments and gases. 
Hydrogen can then react with the free radicals in the coal, preventing formation 
of large amounts of gases or re polymerization to heavy liquids (asphaltenes). 
The processes also specify various liquid-solid separation schemes to remove 
the product oil.^® Table 14-10 gives a brief description and status of lique- 
faction processes and R&D work* 

As might be concluded, hydrogen is very important in the formation of 
liquid hydrocarbons from coal. It can be reacted directly with a coal slurry, 
as in a hydrogenation process, or it can be utilized to hydrotreat and upgrade 
a liquid or a gas produced from the pyrolysis or gasification of coal. Most 
processes can produce a high-quality crude with low sulfur and nitrogen 
contents; however, the syncrudes are more aromatic than conventional 
petroleum ones and will require more severe refining (i. e. , hydrocracking). 

The syncrudes typically have a specific gravity of between 15® and 30® API, 
a sulfur content of 0. 1 to 0. 2 weight percent, and a nitrogen content of 
0. 5 to 0, 7 weight percent. 

In calculating the hydrogen requirements for the processes it became 
apparent that, in general, production of liquids from Western U. S. coal 
requires more hydrogen than production from Eastern coal. It is assTJimed 
that the higher oxygen content of the Western coal is responsible for this 
difference, with hydrogen consumed in removing the oxygen as water. 
Throughout this section, then, calculations are based on processing Western 
coals (high volatile C bituminous through lignitic). ® In the manufacturing 
of hydrocarbon liquids there is concomitant fuel gas production, the proportion 
of which varies with each process. In performing calculations of hydrogen 
requirements, the number of liquid volumes produced was used as a basis 
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Table 14-10. COAL-TC-LIQUID HYDROCARBONS PROCESSES 


Process 

R eactor Conditions 

Hydrogen Producfion Method 

R£> Status 

Pyrolysis 




COED” 

4 pyrolysis zones of varying 
temperatures (600®- 1 500®F) 
6-10 psi 

Reform fuel gas from process « 
work underway to gasify char 

36 tons of coal/day pilot plant 
in operation since 1970 

Garrett^® 

1600®F. 50 psi 

None specified 

1/2 ton of coal/day pilot plant 
in operation since 1973 

TOSCOAL^® 

800® -970®F , atmosphe ric 
pressure 

None specified 

25 tons of coal/day pilot plant 
in operation 

Hydrogenation 




Consol Synthetic 

Noncatalytic extraction 
hydrogen -donating solvent 
at 750°F, 150 psi; catalytic 
hydrogenation of solvent at 
800®F, 3500 psi, ebuUating 
staged -bed reactor 

Gasify extract residue plus 
raw coal 

20 tons of coal/day pilot plant 
in limited operation since 1967 

Ctilf Catalytic 
Coal Liquids^^ 

800®F, 3000 psi. fixed bed 
catalytic reactor 

Steam reform the light 
hydrocarbons^produced 

120 pounds of coal/day pilot 
unit in operation 

H-COAL^* 

850®F, 3000 psi, ebullating 
catalyfic reactor 

Gasify raw coal and filter ' 
cake 

3 tons of coal/day pilot plant 
in operation 

SRC^'^ 

800®-900®F, 1000-2000 psi 

Separate onsite coal 
gasification 

6 tons of coal/day pilot plant 
in operation at WilsonviUe, 
Alabama; 50 tons /day pilot 
plant recently completed in 
Tacoma, Washington 

Synthoil*’ 

800®F, 2000-4000 psi, fixed- 
bad catalytic reactor 

Separate onsite coal 
gasification 

1/2 ton of coal/day pilot plant 
in operation, 10 tons /day 
pilot plant in design stage 

Gasification 




FIs char- T ropech'^ 

430®-625*F, 330-360 psi, 
fixed and fluidized catalytic- 
bed reactors 

Reform internally produced 
methane 

Commercial plant completed 
in 1955 at Sasolburg, Sooth 
Africa 
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(i. e. , SCF of hydrogen per barrel of liquids). Additional process hydrogen 
that could be used to synthesize SNG is not included. This factor, in addition 
to the different product slate of each method, makes direct comparisons of 
the processes difficult and possibly misleading when relying solely on hydrogen - 
consumption information. 

Pyrolysis processes can use outside hydrogen in hydrotreating the 
recovered oil and can eliminate internal production of hydrogen from steam 
reforming of the coproduct synthesis gas. A plant conceptualized as producing 
27,300 barrels of syncrude requires 136 X 10^ SCF of hydrogen; thus 
hydrogen usage is 5000 SCF/bbl of syncrude produced. More gas from the 
modified process is now available for use as fuel or feed for an SNG pro- 
duction system. 

Selective hydrogenation involves formation of liquid hydrocarbons under 
more severe conditions of pressure, usually in the presence of a catalyst. 
Outside hydrogen can be directly added to the hydrogenation reactor or 
solvent regenerator to fulfill the hydrogen requirement. Using the H-COAL 
Process, 8500 SCF of hydrogen/bbl of syncrude are required to produce 
a high-quality crude of 32® API gravity that contains 0. 1% nitrogen and 0. 1% 
sulfur. The Synthoil Process uses 6000 SCF of hydrogen/bbl of fuel oil 
(containing 0. 2% sulfur) produced. Use of outside hydrogen in these pro- 
cesses eliminates the need for production of hydrogen by gasification of 
various combinations of solid extract, char, or raw coal. Use of high- 
purity, pressurized hydrogen, as would be available from a pipeline, is very 
amenable to catalytic hydrogenation processes, which require a minimum 
hydrogen partial pressure of 1000 psi. 

Hydrocarbon liquids can also be made by first gasifying the coal to a 
synthesis gas and then catalytically recombining the carbon oxides with 
hydrogen to make hydrocarbon liquids. This is commercially embodied 
in the Fischer-Tropsch Process. Production of 4000 bbls of light oils/day 
res\ilts in a hydrogen deficit of 6 million SCF. Currently this is mostly 
compensated for by reforming the product methane. Outside hydrogen 
usage could be about 1500 SCF/bbl. (See Table 4-11. ) If outside hydrogen 
is used, methane need not be reformed, so more SNG is available from the 
process. Tar, tar oil, and naphtha produced in the gasifier could be partially 
oxidized to provide the carbon monoxide required for liquid synthesis. 
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Table 14-11, TYPICAL MATERIAL BALANCE OF GASEOUS STREAMS 
m A FISCHER -TROPSCH FLUIDIZED-BED REACTOR 

{4000 bbl/Day) 


Reactor Feed Reactor Effluent 


Component vol % (Dry) 


Carbon Monosdde 

25 

2 

Hydrogen 

60 

45 

Carbon Dioxide 

5 

12 

Methane 

9 

35 

Other 

1, 

6 

Total 

100 

100 

10* SCF/Day 

146 

55 


Hydrogen Consumed in Reactor — 

0,60 X 146 X 10* SCF/Day (In) -0.45 X 55 X 10* SCF/Day (Out) 

= 63 X 10* SCF/Day 

Amount of Hydrogen Available From Lurgi Gasifier — 

0,59 X 96 X 10* SCF/Day of Synthesis Gas = 57 X 10* SCF/Day 
Hydrogen Deficiency Requirements — 

63 X 10* - 57 X 10* = 6 X 10* SCF/Day (Currently Supplied by Steam 
Reforming Internally Produced Methane) 

Theoretical Volumetric Ratio of Hydrogen to Product — 

6 X 10* SCF •!- 4 X 10* bbl = 1500 SCF/bbl 
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It is anticipated that oil shale will make a significant contribution to the 
U.S. fossil fuel supply in the foreseeable future. Kerogen and bitumen con- 
taining rock can be processed to release most of the carbonaceous matter 
that can be further treated to synthesize conventional refinery products. 
Perhaps the key step in shale oil production is the retorting of the pre- 
viously mined and sized shale. Heat is used to decompose the organic 
materials to water, carbon dioxide, liquid and gaseous hydrocarbons, and 
carbonaceous residue, which adheres to the spent shale. Conventional 
retorting is done at approximately 900 °F. ^ Currently conceived retorting 
processes, which generally differ in their methods of heat generation 
and transfer, are summarized in Table 14-12. 

A hydroretorting scheme is now under development at the Institute of 
Gas Technology (IGT) in which oil and gas are produced from shale by 
heating the shale in a hydrogen atmosphere. Testing indicates that a higher 
percentage of orgaj ic carbon is recovered with the use of hydrogen than with 
an inert atmosphere (98% versus 77% recovery). The additional hydrogen 
required for the process can be supplied by gasifying the heavy-oil fraction 
^ reduced. 

The gas produced concurrently with the oil in the retorting step could 
also be used as a valuable coproduct. It is composed of carbon dioxide, 
hydrogen, carbon monoxide, LP gases, and hydrogen sulfide and is about 
15 weight percent of the product yield. After hydrogen sulfide removal, 
it could Ve used as an onsite fuel gas for process heat or electric power 
generation or could be further treated to make substitute natural gas. 

The principal liquid product obtained from the retorting process is 
of a rather high specific gravity and nitrogen content. Consequently, it 
must be treated in some way before it can be refined to more valuable 
products. Catalytic hydrotreating is the preferred means of upgrading 
the raw oil to a synthetic crude. 

Currently conceived retorting schemes for the production of gases and 
liquids have no external hydrogen requirements. Conceptually, some 
hydrogen could be used in the production of SNG from fuel gas. Most retorts 
are designed to produce a preponderance of liquids that would be transported 
elsewhere for refining to marketable products. An outside source of hydrogen 
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Table 14<°12. 4=^KOC£SS£S FOE OIL. SHALE RETORTING TO GASEOUS ANU LIQUID HYDROCARBONS^^ 


-I 


Process 


Retort DescHptilon 


R&D Statas 


Development Engineering 



i- Gas Combustion 

t 

t 


o 


”n 


i 


IGT 


o 



</> 


m 




O' Lurgi-Ruhrgas 


Occidental 


Petrosix 
TOSCO n 


Union Oil 


internal combustion of carbon- 
aceous residue with air, 
countercurrent gas -shale flow 

Internal combustion of gas and 
carbon residue, four functional 
zones 

1200°-1400“F, 125-500 psi, three 
zones with externally heated 
hydrogen reaction atmosphere 

Externally heated sand, coke, or 
spent shale used in sealed, screw- 
t^e retort 

In- situ retorting of unmined shale 
by cothbu sting with air 

Externally heated gas retorts shale 

Externally heated spheres raise 
shale temperatures to 900®F 
at a pressured slightly above 
atmospheric 

Internal gas combustion of shale 
fed into bottom of retort with a 
"rock pump*' 


500 tons of shale/day testing 
completed 

360 tons of shale/day testing 
completed 

1 ton of shale /hr pilot development 
unit nearly complete, laboratory 
thermobalance work continuing® 

12 tons of shale/day pilot plant 
operated (now dismantled) 

Field testing as of 1972 

2200 tons of shale/day semiworks 
plant in operation 

IlOO tons of shale/day semiworks 
plant in operation 


Prototype work since 1950* s on 1200 
tons of shale/day unit 
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could not be easily integrated with proposed retorting schemes without more 
developmental work. A hydroretorting scheme under development at IGT 
would use an outside source of hydrogen in the retorting of liquids and gases 
from oil shale. The hydrogen consumption is 1900 SCF/bbl of oil produced 
and 1200 SCF/ thousand SCF of SNG produced. 

The raw, retorted shale oil is usually too viscous for easy handling 
(i. e. , by pipeline or tank, car), so further treatment is required to facilitate 
transportation for refining. The raw oil also contains more sulfur and 
nitrogen than conventional refining catalysts can withstr .-'^I A hydroprocessing 
step is most convenient for upgrading the shale oil to a more typical crude. 
About 1300 SCF of hydrogen would be consumed in producing one barrel 
of high-quality syncrude (36° API, 0.02% sulfur, 0.6% nitrogen, and no 
fraction boiling over 950 ®F). The oil can also be made less viscous 
by using a coking or "vis -breaking*' operation at the retort site, but this 
would result in more severe refining conditions and would not significantly 
reduce the overall hydrogen requirements. ^ 

The hydrogen requirements for the synthetic fuel processes are 
summarized in Table 14-13. 


Table 14-13. TYPICAL HYDROGEN REQUIREMENTS FOR PRODUCTION 

OF SYNTHETIC FUELS 

Process Amount of Hydrogen/Unit of Product 


Coal to SNG 

Lurgi single-stage gasification 
Multistage hydrogasifiers 

Coal to Methanol 

Coal to Syncrude 

Pyrolysis 
Hyd rogenation 

Gasification (Fischer-Tropsch) 

Oil Shale to Syncarude 

Conventional retort 
Hyd^pgasifying retort 


970 SCF/ 1000 SCF 
1100-1500 SCF/lOOO SCF 

42, 000 SCF/ton 


5000 SCF/bbl of syncrude 
6000-8500 SCF/bbl of syncrude 
1500 SCF/bbl of light oil 


1300 SCF/bbl of syncrude 
1900 SCF/bbl of syncrude 
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The use of outside h/drogen requires process and equipment modifications 
that generally simplify the production of synthetic fuels. Most of the reduction 
in compleTtlty is due to the elimination of the onsite hydrogen -production 
facility itself* The deletion of a shift reactor or special gasifier obviously 
reduces capital requirements, mainten^lnce costa, and process utility 
requirements* An external hydrogen supply relieves the synfuel processes 
from having to operate at conditions to optimally make both product and 
feed for hydrogen production. 

Because synthetic fuels processes can be greatly simplified by the use 
of ont^ide hy<lrogen, the economics of outside -hydrogen utilization are not 
straightforward. A preliminary economic analysis was performed that com- 
pared the synthetic product costs for internal and external sources of 
hydrogePf The analysis was based on data from Volume O of "Alternative 
Fuels Automotive Transportation — a Feasibility Study, " An item- 
hy^ltem comparison of process components was made for three all-coal 
jsynfuel process plants and three coal-plus -hydrogen plants to determine 
the capital investment and operating cost for SNG, methanol, and liquid- 
hydrocajJbon production. Outside hydrogen was treated as a purchased 
utility for each of the process families. Costs are based on constant 1973 
doHaBS, allowing product-price determinations for comparison of synthetic- 
fuel processes involving internal and external hydrogen production. A 
dlscounf^ed pash flow (DCF) method was used to determine costs, and 
economic values were set as follows; 

• A 23-year plant life expectancy 

• Depreciation calculated on a l6-year, sum-of-the -digits formula 

• equity capital 

• A 46% Federal income tax rate 

• A 12% pCF rate 

• FlfPit #Mrtup costs as expenses in year 0. 

Break-eveii costs for synthetic fuels were estimated by comparing an 
all-cpa|i profess with a coal-plus -hydrogen process (at given coal costs) 
to fl^te^mlv^e the hydrogen cost that would result in the same product price 

371 

IMfyiTUTE OF GAS TECHNOLOGY 


for both s/stems. We assumed that h/drogen would arrive by pipeline at 
1500 psi, because transmission studies have shown that hydrogen can be 
moved more economically at such pressures.’'^ The results are presented 
in Figure 14*>6, Combinations of coal and hydrogen costs above and to the 
left of the lines indicate that it is economically desirable to utilize outside 
hydrogen for the processes while values below, and to the right indicate that 
it is economically undesirable. 


GASOLINE 



METHANOL 


H2 cost, 


ATSlMOm 


Figure 14-6. BREAK-EVEN COSTS FOR SYNTHETIC-FUELS PRODUCTION 
FROM COAL AND COAL-PLUS -HYDROGEN PROCESSES 

By parametrically varying the cost of coal and hydrogen, it was 
determined that methanol production favors the use of outside hydrogen 
at $4. 10/milIion Btu when coal costs exceed $1. 15/million Btu. The 
corresponding methanol price is $11 5/ ton. 
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For SNG production^ a set ol raw-materialb ':osts can be determined 
at which the cost of manufacturing the product is the same» $ 6. 52/1000 SCF, 
for both conventional and modified processes. The resulting break-even 
coal cost is $3, 20/million Btu, and the hydrogen cost is $4. 10/million Btu. 

Gasoline can be made from the hydrocarbon product that is made from 
coal by using the Consol Synthetic Fuel (CSF) Process. Detailed economic 
information was available for this process using Eastern U.S. coal only. 

The amount of hydrogen used is on the same order as that used in other 
processes that consume Western U.S. coal* so an economic comparison 
of conventional and modified CSF Processes that use Eastern coal should 
Indicate the same trends as a comparison of other coal-to-gasoline pro- 
cesses that use Western coal. In this analysis, the amount of process 
hydrogen required for the refinery was also included. 

No credit was given for by-product coal residue now available from tbe 
modified processes. The residue has a sulfur content slightly higher than 
that of the coal originally fed, so only if low-sulfur coal is used can the 
residue be marketed (e.g., as a fuel for power generation). The break -even 
raw-materials costs for synthetic gasoline processes are $3, 74/million Btu 
of coal and $4. lO/million Btu of hydrogen. The resulting gasoline product 
price for both types of processes is $ 54. 52/barrel, 
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15. RESEARCH AND DEVELOPMENT RECOMMENDATIONS 

El^oim the results of this stud/, it is clear that there are no major 
technical reasons for hydrogen not becoming a key component of the future 
U.S* energy system. However, during the course of this study we fovmd 
nume|?ous instances in which the ultimate potential of the hydrogen -energy 
system was unclear because some elements had not been sufficiently developed. 
Many technologies that are still only conceptualizations or laboratory-scale 
projects could significantly lower the delivered cost of hydrogen or increase 
its utility. In this section of the report, we will develop a list of research 
and development projects that are intended to develop branches of hydrogen- 
related tecluiology, with the aim of eventually introducing hydrogen on a 
large scale. If these progreuns are to be of maximum benefit, they shovild 
be completed within the next 5 years. 

Production of Hydrogen 

This study did not uncover any revolutionary hydrogen-production prof° 
cess thut would completely eclipse present-day or contemplated processes. 

On the other hand, we did find that developmental projects could reduce costs 
and raise efficiency in established hydrogen-production processes (e.g., elec- 
trolysis and coal gaslRcation), could bring advanced processes (e.g. , therpio- 
chemical production) out of the laboratory, and could establish the feasibility 
of proeusses that are currently only concepts (e.g. , photosynthesis and those 
processes based on thermonuclear fusion). 

Electrolysis 

Research is needed on all aspects of electrolysis. Catalysis, electrode 
structure^ and electrode materials should be investigated. New separators 
and electrolytes should be developed, and the possibility of better cell design 
and bettier power -conditioning equipment should be looked into. Due to 
experience gained in the development of fuel cells, which are very similar 
to electrolyzers, some desirable directions for research on electrolyzers 
are obvions* Because the electrolyzer industry alone cannot afford to carry 
out |:he necessary research, this research, conducted on both alkaline and 
ion-exchange cells,- should be supported by either the Federal Government 
or the potential users of hydrogen. 
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This support should be divided into that for basic research on electrode 
structure and gas evolution and that for cell RAD on other topics. Funding 
for basic research programs should be from $50,000 to $ 100, OOO/year. 

Cell RfiD will be more expensive to carry out and should be funded at between 
$500,000 and $1,000,000 annually. An electrolyzer that operates at about 
1. 5 volts (a thermal efficiency of almost 100%) and at a current density of 
about 500 A/sq ft in a piece of equipment with a total capital cost of between 
$50 and $100/kW input is a reasonable research objective. 

For reasons that were pointed out earlier in this report, we recommend 
that no research on the electrolysis of impure water be hinded. 

Often, possibly misleading comparisons are made between optimized 
nuclear thermochemical systems and nonoptimal nuclear electrolytic systems. 
A short, perhaps 2-year, study to determine the cost effectiveness and 
efficiency of a nuclear -powered electrolysis plant, specifically designed for 
hydrogen production, is needed. Such a study would cost between $50,000 and 
$ 100, OOO/year. A program of this type has been funded as a continuance of 
this program. 

The production of hydrogen by thermal-electric or photovoltaic conversion 
of solar energy should also be investigated. A 3 year, conceptual-design study 
could be conducted, at the same level as the optimized nuclear-electrolytic 
study, to provide the technical and economic data needed for comparisons with 
other processes. 

Coal Gasification 

The practicality of hydrogen production by the gasification of coal should 
be further assessed to determine not only how this production method compares 
with nonfossil-based processes, but also how it compares with traditional 
methane reforming and partial oxidation of fuel oil. Such information would be 
of great interest to industries that, because of natural gas curtailments, may 
soon be faced with the problem of finding an alternative hydrogen source. 
Several studies should be performed in order to examine the numerous 
possible gasification schemes. Approximately $ 100, 000 to $200, 000/year 
would be. required per study. 
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Thermochemical Methods 

The development of a successful thermochemical water -splitting process 
could be the key to the introduction of hydrogen as a fuel. It seems likely that 
thermochemical hydrogen production could significantly lower the price of 
nuclear-based hydrogen. Three or four laboratory projects should be fimded 
at from $750,000 to $ 1,000, OOO/year until a good cycle emerges. Efforts 
should be directed toward identifying suitable energy sources besides HTGR's 
and developing more efficient cycles that operate with noncorrosive reactants. 
These programs eventually should develop kinetic data and heat and material 
requirements for the most promising cycles. 

Application of Controlled Thermonuclear Fusion 

A short feasibility study, about 2 years in duration, at a cost of from 
$50,000 to $75,000 is needed to assess the possibility of water splitting by 
ultraviolet light beams. Further R&D should be recommended if the concept 
shows merit. 

Photosynthesis 

Photosynthetic hydrogen production is very promising for the long term, 
and appropriate research strategy would seem to be basic and long-range, as 
well as exploratory shorter range, research in the areas in which breakthroughs 
are expected or required. The probability of success will be proportional to 
the number of individual creative scientists (or scientific groups) involved, 
rather than to the total manpower or money invested. Several independently 
sponsored groups, funded in relatively small increments (e.g., from $50, OQO 
to $200, 000/ yr), should maintain close communication to advance conceptual 
developments. Suggestions for specific projects would best be made by the 
investigators themselves and evaluated by peer review (witii creative feedback). 
The interdisciplinary nature of the task should be recognized; and cooperation, 
as well as communication, among representatives from the various disciplines 
should be encouraged. In particular, colloid catalysis, electrochemistry, 
and ligand field theory, together with engineering theory, may be helpfxil. 

The long-range nature of the problem should be recognized, and funding 
should be continuous throughout the next 5 years. 

Table 15-1 is a summary of the recommended hydrogen -production 
R&D projects. 
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Table 15-1. HYDROGEN PRODUCTION - GOVERNMENT RESEARCH AND 
DEVELOPMENT RECOMMENDATIONS, 1975-1980 


Program Title 

Years 

Pursued 

Average Annual 
Funding LkjvcI Number of 

per Program. $ 1000 Programs 

Total 5- Year 
Period Funding. 
5 1000 

Project Description 

Electrolysis of Water (Basic Research) 

Gont,* 

50-100 

1-3 

250-1. 500 

Basic work on electrode stnicturc and the 
mechanism of gas evolution 

Electrolysis of Water (Cell R4D) 

Cont, 

300-1000 

1-3 

2, 500-15.000 

Parallel programs on alkaline and ion- 
exchangc-type cells 

Integrated Nuclear-Electrolytic Production 
Facility (Concept Study) 

2 

50-100 

2 

200-400 

Cpnceptual engineering design and pre- 
liminary economic assessment of dedi- 
cated nuclear facility 

Solar Hydrogen- Production Facility(Cqocept 
Studies) 

3 

50-100 

3 

450-900 

Conceptual engineering design and pre- 
liminary economic assessment of solar 
hydrogen plant 


LO 

00 

o 


Project Goals 

Achieve 1. 5 volts at 500 amp/oq ft; 

S50-$ lOO/kW capital cost (ccU and 
ancillaries) with 750-1000 psi delivery < 
Derive less expensive catalytically 
active electrodes 

Increase operating teirbpetatnrns and 
pressures; less dependence on noblc- 
metal catalysts 

Provide technical and coot information 
for advanced production facility 
planning; provide equitable '’referee” 
concept for nuclear-therrnochemical 
facility evaluation; evaluate land- and 
offshore- based options 


Pten'ide technical and cost informiitioR 
for advanced production facility 
planning; determine relative role 
of thermal ‘clectric and photovoltaic 
energy-conversion modes; evaluate 
land- and ocean- based Options 


> 
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Hydrogen Prom Coal (Applicati<>iis Studies) 


lOO-ilOO 


Thermochemical Water Splitting (Laboratory 

Rusearch and Sturlica) Cont. 


750-1000 


Com rolled Thermonuclear Fusion Production 

(Pcasibility Assessmum) Z 50-75 

Photosynthetic Production (Basic RescarcEi) Com.* 50-200 


Continuous support over a 5 -year period recommended. 


J-4 


I 


5-7 


Small programs to explore isew technology 
-i0b-J)l>D (related to making hydrogen from coal) 

that is not being developed by other coal- 
gasification research 


Chemical -cycle derivation and thermodyna- 
11^250-20,000 mic e/aluation; laboratory t<isUng of 

reaction steps; heat- source /cycle inter- 
face study; detailed efficiency and flow- 
sheet analysis and economics assessment 


Theoretirai feasibiUty study of the applica- 
lOfl- 130 bility of fusion to hydrogen production 


L, 250-7^ 000 Parallel research on identification of photo- 
synthetic water- splitting mechanisms and 
electron transport In both "natural" and 
"synthetic" systems 


Identify ways of making hydrogen from 
coal that are better than those being 
developed as part of coal-to-mcthane 
projects; if this goal should be reached^ 
large sums (S20-$30 million) would 
he needed for process development. 

Find more efficient cycles with less cor- 
rosive materials; determine operating 
conditions and measure kinetics; define 
heat riiqiitrements and materials; 
assess overall practicability and eco- 
nomics ; determine suitable enercy 
sourct'5 other thae MTGR's 


Assess practicability and recommend 
RdD as appropriatft(Largc sums will 
be needed if these concepic show 
promise, J 

Determine general chemistry of photo- 
synthetic steps; demonstrate "synthetic' 
photos'jTithetic approaches; modify 
steps for hydrogen production and de- 
tertnine stabilization techniques 
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Delivery and Storage of Hydrogen 

At present, there is no widespread system for the transmission and 
distribution of hydrogen. The small-scale distribution systems that have 
been built (like those of NASA) are probably unsuitable as models for a large- 
scale system, which must be relatively inexpensive. Despite the success of 
these small systems, there are numerous technical questions about hydrogen 
distribution that remair unanswered and possibly some technical problems 
that remain unsolved. 

Pipeline -Materials Compatibility Evaluation 

Whether hydrogen can be transmitted through existing natural gas pipelines 
or whether new pipelines will be needed because of materials problems has yet 
to be resolved. The materials studies conducted thus far have identified 
potential problem areas, but have not provided any definite answers. This 
question should be answered soon because it has significant bearing on how 
and when hydrogen could be used as a "universal fuel. " More than one study 
of the problem should be fxjnded at approximately $300,000/yr, and results 
would probably be available in 2 years. These studies should investigate 
hydrogen- related problems such as loss of metal ductility, hydrogen stress 
cracking, and hydrogen-environment embrittlement in pipeline steels. If 
problems exist, possible solutions should be evaluated. 

Hydrogen-Transmission-System Experimental Feasibility Studies 


I 

i 


If hydrogen-environment embrittlement in pipeline steels proves to be a 
manageable problem, an investigation into the behavior of other gas -transmission- 
system equipment with hydrogen should be undertaken. The equipment should 
be tested under anticipated operating conditions, thereby identifying any furhter 
complications. Concurrently, engineering studies should be xmdertaken to 
determine the economic feasibility of hydrogen transmission. We estimate that 
the cost of the experimental equipmsnt-compatability study would be $300,000/yr 
and that the design and costing study might require as much as $100, 000/yr 
for about 3 years. A large-scale system test costing $5,000,000 would follow 
these preliminary studies. 

Pipeline Compressor Evaluation 

Early studies of hydrogen pipelining show great divergence on the subject 
of hydrogen compressors and the units that drive them. A small-scale study 
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(approximately $100,000/yr for 2 years) could determine the best compressor- 
prime mover combination and could provide data for the transmission-system 
cost study described above. 

Underground and Hydride Storage of Hydrogen 

Underground cavities will allow for inexpensive hydrogen storage^if such 
a method of storage is possible. Preliminary feasibility studies (both theoreti- 
cal and experimental) on the effects of the presence of hydrogen on the mech- 
anisms of gas sealing should be undertaken. Two 2-year studies, costing 
$75,000/yr, should be adequate. Later, far larger sums will be needed for 
full-scale field testing. 

Storing hydrogen in the form of metal hydrides may be important not only 
for mobile applications, but also for electric -utility peak shaving and as an 
alternative to underground or line-peak storage. New alloys are still being 
identified, and support for several laboratory efforts should continue at a 
minimum of $200,000/yr for the next 5 years. New alloys should be ’ower 
in weight and in volume per weight of hydrogen stored and should dissor-iate 
at practical temperatures. The specific applications will determine the optimvun 
characteristics, but low cost will be important in almost all. 

Behavior of Hydrogen in Gas -Distribution Equipme nt 

There is a dearth of information on the behavior of hydrogen in existing 
natural gas distribution lines and related hardware. Experimental studies 
should be conducted to determind the problems encountered with the meters, 
regulators, and various nonferrous pipe materiaJ : distribution systems. 

A study of this sort could take several years at an average cost of $300,000/yr. 

Improved Cryogenic Systems 

Although the amount of energy lost in hydrogen liquefaction is large 
because of current liquefaction technology, there may be cases in which 
hydrogen liquefaction is the only practical storage alternative. 

Large-scale, liquid-hydrogen facilities (for both processing and storage) 
are not cheap, but perhaps need not be as expensive as they are now. 

Engineering studies directed toward the design of economical, very large-scale 
liquid-hydrogen tankage should be undertaken by prospective equipment manu- 
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facturere. Integrated storage schemes that allow utilization of boil-off gases 
would be wor til while. 

The possibility of liquid-hydrogen transmission should also be studied, 
especially in the context of integrating it with superconducting or "cryoresistive" 
cables for electric -power transmission. The advantage of being able to com- 
bine it with electric -power transmission may make the transmission of liquid 
hydrogen more attractive than has been the case with liquid natural gas. There 
seems to be little urgency for this work because cryoresistive-transmission 
technology has been developed to only an early stage thus far. Studies on 
cryogenic systems should be funded continuously at $75,000/yr. 

Hydrogen Odorants and Illuminants 

Because hydrogen gas is odorless and its combustion is nonluminous, 
odorants and illuminants will have to be selected and added to the gas* These 
substances should be as pollution free in combustion as possible and should 
not impair the operation of catalytic devices. (Methylmercaptans, the odorants 
added to natural gas streams, are sulfur -containing compounds that might 
poison the platinum catalysts used in some experimental burners.) The 
identification of odorants and illuminants is not a pressing task, but it should 
be undertaken within the next 5 years. The effort need not be large: 

$50,000 to $75,000/yr for two programs (one on odorants and one on illumi- 
nants, with intercommvtnication) over a 2-year period should produce the 
desired results. 

Table 15-2 is a summary of the recommended hydrogen-delivery R&D 
programs. 

Utilization of Hydrogen 

Studies of Hydrogen Utilization in Industry 

Our study has identified at least five large industrial processes that are 
potential users of hydrogen. These are 1) direct reduction of iron ores, 

2) ammonia synthesis, 3) methanol synthesis, 4) process-steam generation, 
and 5) production of synthetic fuels from coal. Although these markets for 
feedstock hydrogen are not as large as the market for gaseous fuel, they 
deserve special consideration because their economics may allow them to use 
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Table 15-2. HYDROGEN-DELIVERY RESEARCH AND 
DEVELOPMENT RECOMMENDATIONS, 1975-1980 

Average Annual 

Funding Level Total 5- Year 

Yeara per Program Number of Period Fundings 
Pursued $ lOOQ Proarama S 1000 Project Deacription 


Ptpelme-Mater tala CompaUbiiity Evalu- 
ation (Materiala InveaLlgatiori) i 300 

Hydrogen {Gas) Pipeline Deoign and 
CoBttng (Engineering Study] 1 100 


Experimentally assess any hydrogen cm- 
Z IZOO brittlement problems encouMcred when 

tranamitting hydrogen through present- 
day natural gas pipelanea 

1 3DD Gaseoua-hydrogen transmiosion system 

evaluation; to be begun after prelimi- 
nary studies are completed 


o 

Hydrogen (Gas) Tranamission Syotem 
Experimerttal Operating Loop 
(Experimental Feasibility Project) 

1 

5000 

5 5000 

Testing of gaseous transmission equipment 
(compressors, metering devices, etc,) 
under actual pressures and flow condi- 
tions with hydrogen . Program to com- 
mence after preUminary studies are done 

"It 

Pipeline-Compressor Evaluation 
(Design Study) 

2 

100 

1 200 

Selection and design of large hydrogen- 
pipe tine compressors and drives 


^ Underground i-tydrogen Storage (Feasi- 
O ^ bility Study/ 2 75 

> 

Metal-Hydrides Storage (Basic Research) Con*. 20fl 


Z 


Feasibility assessment of storing gaseous 
300 hydrogen underground; one study each on 

aquilcra and minod caverns 


i 


3000 Search for promising metal hydrides for sta- 

tionary (and mobile] storage applications 


m 

o 

z 

z 


Hydrogen {Gas J Distribution System (Ex- i 

perimental Feasibility Study] Cont. 


300 


Improved Cryogenic Systemn 


Cont, 


75 


Testing of gaseous distribution equipment 
I 1500 mains, meters, regulators, etc, ) under 

actual pressures and How conditions with 
hydrogen 


Z 750 Assessment of required advancements and 

initial hardware efforts in cry^ 'genic 
hydrogen technology 


o 


GO 

fJl 


Project Coats 

If embrittlement problems a re fenmd to be 
serious, large additional programs will 
be needed to test solutions. 


Establish opTimtz43d hydrogen-pipcline- 
system characterletics and component 
requirements; determine transmission 
economics (related to those of natural 
gas) 

Evaluate present natural gas (ransmisaion 
equipment under anticipated hydrogen con- 
ditions and over eKtendcd periods; develop 
unodified and new components and si:b- 
systems afl required; derive engineering 
design and operating experience 

Deter.' '...c best compressor type and matched 
prime mover for large- diameter hydrogen 
pipelines; document technical specifi- 
cations and costs 

Evaluation of suitability of present natural 
gas techniques for underground storage 
of hydrogen; estintate quantities of storage 
in present reservoirs and those potentially 
developable in the United States; develop 
economics of underground storage 

Identify practical materials and evaluate on the 
basis of developed criteria (heat of formation, 
dissociation temperature, weight and volume, 
cost, etc, ) 

Evaluate present natural gas distribution equip- 
ment under realistic hydrogen condittono 
and over extended periods of time: provide 
basis for modifying equipment and intro- 
ducing new equipment; derive vneineering 
design and operating experience 

Technological improvements to achieve high 
efficiencies and low costs; focused studies 
and preliminary hardware w‘orh to advance 
the technology irv a) liquefaction, b) trans- 
mission (pipeline and vehicular^ and c) storage- 
container (from small portable to Urge 
stationary/ application sectors 


o 

o 

-< 


Hyc. .‘ogen Odorants and Elluminants 1 5D-75 


Continuous support over 5-ycar period recommemled. 


2 ‘ 


200-300 Devising of practical additives to hydrogen to 
provide for olfactory and visual (Dame) 
warnings to personnel with unwanted side- 
effects 


Provide for several candidate hydrogen odora.^t 
.ind Uluminant materials that do not adversely 
affect catalysts and other exposed materials; 
demonstrate economic feasibility and practi- 
cability in the field 
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hydrogen that is too expensive to be used as a fuel. Thus, these processes, 
especially ammonia synthesis, may be the first applications for hydrogen 
technology — even while new, low-cost methods of hydrogen production are 
under development. 

Feasibility studies, in greater depth than those done in this study, should 
be conducted to determine the conditions under which it will be economical to 
use "outside" hydrogen in these processes. Three of the processes (steam 
production, ammonia synthesis, and methanol synthesis) involve only a 
moderate amount of new technology, and feasibility studies could be conducted 
at a cost of from $7 5,000 to $ 100, 000 per process. 

The use of pure hydrogen in the direct reduction of iron ore will, as was 
discussed in Section 12, require the development of a few new materials- 
; mdling techniques. The problems are not serious, but they will require 
some experimental work. For this reason, feasibility studies on this process 
should be funded at a higher level, about $ 150,000/yr for from 1 to 2 years. 
Multiple efforts would be more likely to produce satisfactory results. 

Out side -hydrogen utilization by the future synthetic -fuels industry will 
also require a more complicated feasibility study. The fundings and time 
scale should be about the same as that for the direct-reduction process. 

Development of Hydrogen-Fueled Appliances 

The assessment of the adaptability of present-day appliances to hydrogen 
fuel, as shown in Section 13, has not really progressed beyond the discussion 
stage. Nevertheless, any widespread use of hydrogen as a replacement for 
natural gas will probably require the conversion of many natural gas appliances. 
Experimental studies to determine what conversion parts and procedures 
will be necqssafy should be initiated soon. Two or three such studies at 
about $250,000/yr should provide answers in from 2 to 4 years. 

Very little work has been done on the development of catalytic appliances. 
These devices exploit the full potential of hydrogen and should be developed 
if for no other reason than to provide a basis for comparison of hydrogen 
with other, more developed energy options. Better catalysts (both high and 
low temperature) and improved burner configurations are needed, and 
practical prototype appliance models should be developed. Because the work 
is still in a highly creative stage, multiple efforts (perhaps as many as four) 
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should be undertaken. The cost of these programs would be from $ 100,000 
to $250,000/yr (depending on the scale of the proposed development), and the 
projects should continue fbr the next 5 years. 

Besides the across-the-board conversion of all gaseous -fuel equipment 
in given areas to hydrogen, hydrogen might be uijed as a gaseous fuel by 
blending it with natural gas supplies. A study of this possibility should 
begin immediately and should be continued at $100,000/yr for the next 5 years 
as the natural gas situation changes. 

By-Product Credits 

A potential-market study should be initiated immediately on the use and 
value of the oxygen produced as a by-product in the manufacture of hydrogen. 
An economic analysis of long-distance oxygen transmission by pipeline should 
be included in this study. Studies should be made on an industry-wide basis 
(perhaps by the government), but the detailed equipment development probably 
should be performed by existing large-scale oxygen suppliers. We estimate 
that these studies will cost a total of $ 100, OOO/yr for a 2-year period. 

The recommended R&D programs on the utilization of hydrogen are 
summarized in Table 15-3. 


* There is the possibility of by-product oxygen use in very rapidly growing 
markets, such as synthetic- fuels manufacture and sewage treatment, within 
the next few years. 
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Table 15-3, HYDROGEN-UTILIZATION RESEARCH AND DEVELOPMENT 

RECOMMENDATIONSp 1975-1980 


OD 

•Hi 

<J1 


Program Title 


Average Aanual Total 5-Year 

Veara Ftiading Level Number of Period Fonding, 

Pursued per Protiram, $ 1000 Progratna $ 10^'> 0 Project PeBcriptiop 


Project Goals 


Hydrogen for Industrial Process -Steam 

Generation {Applications Assessment) 2 


Optimised Ammonia Production racility 
Booed on Hydrogen Feedstock (preli- 
minary Design Study) I 


Optimised Methanol Production Facility- 
Based on Hydrogen Feedstock (Preli- 
minary Design Study) I 


Direct HydrogJ:i> Reduction of Metal 

Ores (Feasibility Study) 1-2 


Ud 

^ Hydrogen^s Role in Synthetic-Fuels 

Production (Applications Study) 2 


Conversion of Natural-Gas -Fueled Appli.- 
ances to Hydrogen (Eitploratory Develop- 
ment) 2-3 


100 


75 


75 


100-150 


100-150 


250 


2 


1 


1 


1-3 


1 


2-4 


Evaluation of hydrogen as an energy source for 
400 generation of process steam through 1) con- 

ventional boilers and 2) hydrogen -oxygen 
comhuoticn 


Preliminary design of an advanced technology, 
ammonia -syntheo is plant based od hydro- 
75 gen feedstock 


Preliminary design of an advanced- technology, 
methanol-synthesis plant baaed on hydrogen 
75 feedstock 


Determination of valued metals whose ore 
1 00-900 can be directly reduced with hydrogen 

where feaoibility is not in-band. Process 
development activity will bo pursued 1 
the ease of iron/iron ore 


Hydrogen^s role as a hey constituent in synthc- 
100-300 tic-fuels production from coal; oil shale 

charaerterLsation and quantification 


Investigation of procedures and hardware medi- 
fieations required for retrofitting of existing 
1000-3000 fuels 


Determine technical steps for industrial- 
boiler modification to hydrogen* evolve 
an ciptimised (but atherwise conventional) 
hydrogen-fueled boiler design ^ provide 
coimm~ rcially usable hydrogen-oxygen 
steam generator system designs! docu- 
ment supporting technology requirements 

Determine design elements of amnaonia 
facility with sufficient costing to evaluate 
the economic crossover point for a . 
range of natural gas and hydrogen feed- 
stock prices 

Detormine design elements of methanol 
facility with sufficio^^t costing to evaluate 
the economic crossover point for a range 
of natural gas and hydrogen feedstoch 
prices 

Evaluation and improvements of known pro- 
cesses of direct iron-orc reduction with 
hydrogen (c, g, , '’H-Iron'*) ; feasihUity 
demonstrations In the case of nonferrous 
materials; supporting economic studies 
of commercialisation potential 

All significant synfuel-producticna require- 
ments for hydrogen will be documented; 
its new and innovative uses will be de- 
fined; the pcjrtential role of coproduct 
oxygen will be assessed for synfueXs pro- 
duction: economic crossovers will be 
determined based on coal and shale oil 
costs and on the process equipment re- 
quired for onsite hydrogen manufacture 
versus the cost of externally delivered 
hydrogen 

Identify hardware approaches and in stf il- 
lation procoduree for across -the-heard 
retrofitting; estimate costs for ''mf.ds'* 
and for installation 


Catalytic Combustion Devices Using Hy- 
drogen (Applied Research] 


Cent. 


100-250 


Hydrogen as a Natural Gas Additive 
(Study and Planning) 


100 


Oxygen Utilization (Market Study) 


2 


^Continuous support over 5-year period recommended. 


IDO 


2-4 


I 


1 


1000-5000 


500 


ZOO 


Identification of the best catalysts for low- and 
high-temperature catalytic combustion; develop 
suitable configurations for residentlalj com- 
mercial, and industrial burners (including 
ventless units) 

Determination of overall system implications 
of adding substantial quantities of hydrogen to 
the natural gas supply as "natural gas 
stretche s •' 


Investigate new markets for coproduct Oxygen 


Demonatrate practical catalytic burners 
for all application sectors that provide 
acceptable operations, efficiency, and 
emissions 


Determine the ramifications to all facets 
of the natural gas production, delivery, 
and utilization areas as progreasive 
amounts of hydrogen are added; identify 
the cost -optimum maximum hydrogen 
addition point; develop a long-range 
plan for this mode of conversion 

Define and ejuantify {as a function of price) 
new and innovative uses for oxygen; 
assess delivery requirements 
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